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ABSTRACT
TERAHERTZ WIRELESS COMMUNICATION
by
Ke Su
The goal of this thesis is to explore Terahertz (THz) wireless communication technology.
More specifically the objective is to develop and characterize several THz
communication systems and study the effect of atmosphere propagation through fog
droplets and dust particles on THz communications.
For demonstration, a THz continuous wave (CW) photomixing system is
designed. Terahertz signals are phase encoded with both analog ramp signals and
pseudorandom binary data, transmitted over a short distance, and detected. The limitation
of transmission bandwidth, low single to noise ratio, vibration effects are also analyzed.
In order to study and compare propagation features of THz links with infrared (IR) links
under different weather conditions, a THz and IR communications lab setup with a
maximum data rate of 2.5 Gb/s at 625 GHz carrier frequency and 1.5 µm wavelength,
have been developed respectively. A usual non return-to-zero (NRZ) format is applied to
modulate the IR channel but a duobinary coding technique is used for driving the
multiplier chain-based 625 GHz source, which enables signaling at high data rate and
higher output power. The bit-error rate (BER), signal-to-noise ratio (SNR) and power on
the receiver side have been measured, which describe the signal performance.
Since weather conditions such as fog and dust exhibit a spectral dependence in the
atmospheric attenuation, the corresponding impact on THz in comparison with IR
communications is not equivalent. Simulation results of attenuation by fog and dust in the
millimeter and sub-millimeter waveband (from 0.1 to 1 THz) and infrared waveband (1.5

µm) are presented and compared. Experimentally, after THz and IR beams propagated
through the same weather conditions (fog), performance of both channels are analyzed
and compared. The attenuation levels for the IR beam are typically several orders of
magnitude higher than those for the THz beam. Mie scattering theory was used to study
the attenuation of THz and IR radiation due to the dust particle. Different amounts of dust
are loaded in the chamber to generate a variety of concentration for beam propagation. As
the dust loading becomes heavier, the measured attenuation becomes more severe. Under
identical dust concentrations, IR wavelengths are strongly attenuated while THz shows
almost no impact.
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CHAPTER 1
INTRODUCTION

In this chapter, basic background information of Terahertz (THz) technology and Infrared
(IR) technology are introduced. Then ongoing research on the development of
experimental THz communication links and IR communication links is reviewed. Finally,
scintillation effects and atmospheric and weather impacts (dust, fog, rain) on the THz and
IR communication are discussed and compared.

1.1

Terahertz Communication Systems

Figure 1.1 The electromagnetic spectrum.

The terahertz region of the electromagnetic spectrum, located in the gap between the
microwave and infrared, is typically defined as the frequency range from 0.1 THz to 10
THz, which corresponds to the free-space wavelength from 3 millimeter (mm) to 30
micrometers (µm) (as shown in Figure 1.1). This region is also called the “THz gap”.
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It is bridging the gap between the electronic and photonic response. Below the THz range
(microwaves), electronic components are commercially available. In the frequency range
higher than THz (optical and infrared waves), high efficient thermal sources and
commercial thermal cameras (detectors) are available and optical techniques are
applicable. However, within the THz range, neither optical nor electronics devices could
fully meet the application requirements. It lacks suitable components such as convenient
and inexpensive sources, sensitive detectors, and high speed modulators.
Over the past few years, the field of terahertz science and technology has changed
dramatically. Many new advances in the technology of THz sources and detectors [1-3]
have revolutionized the field. Many applications for THz systems has been introduced in
the literature, ranging from explosive and concealed weapon detection [4-6], biology
imaging [7, 8], nondestructive testing and quality [9, 10] control to next generation
wireless communication systems. Here, the focus is on describing approaches to wireless
THz communication.
Edholm’s law of bandwidth [11] predicts the need of data rates around 5-10 Gb/s
in 10-15 years from now. The increasing demand for higher data rates suggests the
development of wireless communication networks at higher carrier frequencies.
Consequently, one can expect that such systems will soon push towards to the low THz
frequency range due to its inherently larger accessible bandwidth compared to microwave
and millimeter communication bands [12]. A review by Koch [13] in 2007 predicts that
Wireless LAN systems will be replaced or supplemented by the THz based
communication systems in 2017-2023.
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Compared

to

microwave or millimeter wave systems,

THz

wireless

communication link offers some advantages. The summary is as follows:
•

Ultra-high bandwidth: THz communications have the potential for increased
bandwidth capacity compared to microwave systems.

•

Unregulated frequencies: Frequencies above 300 GHz are currently unallocated
by the Federal Frequency Allocation Commission (FCC) and offer very high
bandwidth.

•

Directional beam: THz communications are inherently more directional than
microwave or millimeter (MMW) links since THz waves have less free-space
diffraction. The link budget analysis [15] suggested at the same antenna aperture
with the microwave, transmission for the 350 GHz require a large gain per
antenna, which requires THz emission to be highly directional and therefore,
line of sight detection is required.

•

High security: THz communication can be implemented as a “secure”
communication link [16]. THz can support ultrahigh bandwidth spread spectrum
systems, which can enable secure communication, large capacity networks, and
protection against channel jamming attacks.
Towards higher carrier competing frequencies (IR), THz also shows some

advantages, such as:
•

Lower attenuation of THz radiation compared to IR under certain weather
conditions (fog and dust).

•

Scintillation effects of THz radiation are smaller than IR radiation which allows
THz to provide longer links compared to wireless IR link.

•

There is more ambient IR light noise typically present compared to ambient THz
noise.

•

There is an eye safety with IR wavelengths requiring that IR transmitted power
be limited to eye-safe power levels, however, THz is safe for human health with
available commercial source power.
In this following part, the recent developments of ultrahigh-speed wireless

communication links using carrier frequencies of over 100 GHz will be reviewed (as
shown in Table 1.1).

Table 1.1 Summary of THz Communication Link Measurements. BER Stands for Bit-Error-Rate. PDA Stands for Photoconductive
Antenna. MZM Stands for Mach-Zender Modulator. PRBS Stands for Pseudo Random Bit Sequence. UTC-PD Stands for UniTraveling Carrier Photodetector. ASK Stands for Amplitude-Shift Keying. NRC Stands for Non-Return-to-Zero. MMIC Stands for
Millimeter Wave Integrated Circuits
THz system

THz carrier
frequency (GHz)

Modulation
hardware

Maximum
distance (m)

Modulation method

Modulation rate or
bandwidth

THz time-domain

300
300
300
120

0.48
1
1
100

250

External modulator
PDA
PDA
Optical MZM
modulator
Optical MZM
modulator
Optical MZM
modulator
Optical modulator

300-400

Optical modulator

0.5

120

MMIC

800

Analog
Analog
Digital (PRBS)
Digital
(PRBS)
Digital
(ASK)
Digital
(NRZ)
Digital
(ASK)
Digital
(ASK)
Digital (ASK)

system
Opto-electronic
/UTC-PD

120
200

Millimeter wave
integrated circuit
Microwave
multiplication

120
300
300
625

Quantum cascade
laser (QCL)

3800

250
450
2.6
0.5

BER

Reference

6 kHz
5 Kb/s
1 MHz
10 Gb/s

10-8
10-10

[17]
[18]
[19]
[20]

3 Gb/s

10-10

[21, 22]

1.0625 Gb/s

10-9

[23]

8 Gb/s

10-10

[24, 25]

2 Gb/t, 12.5 Gb/t

10-12

[26, 27]

10 Gb/s

10-12

[28]

-12

[29]

MMIC

5800

Digital (ASK)

10 Gb/s

Sub harmonic
mixer
Sub harmonic
mixer
Microwave mixer

22

Analog

6 MHz

52

Digital video broadcasting

96 Mb/s

1

Duobinary/ PRBS

2.5 Gb/s

Electronic
modulation of QCL

2

Quantum cascade laser

10 kHz

10

[30]
~10-8 at
30cm
10-10

[31]
[32]
[33, 34]

Source: [16, 35]
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1.1.1 THz Time-Domain Systems (TDS)
The first three THz wireless communication links in the Table 1.1 are all based on THz
time-domain systems. All three structures have some common characteristics: (a)
photoconductive antenna (PDA) structures are all utilized as the THz transmitter and
receivers (b) transmission center frequency is roughly 0.3 THz (c) The maximum data
rate is limited by the repetition rate of the Ti: Sapphire Laser (typically ~80 MHz) and
electronic bandwidth of the PDA (~1 MHz) (d) To detect the maximum THz signal at the
peak of THz pulse, the transmitter to receiver distance ant timing of the gating pulsed
need to be adjusted. Consequently, timing jitter of the laser or variations in the optical
path length degrades the quality of the link.

Figure 1.2 Experimental setup for analog THz communication link using an external
THz modulator.
Source: [17]

Kleine-Ostmann et al. [17] first demonstrated the transmission of an audio signal
through THz communication links which utilized a modified THz time-domain system
and an external modulator based on the depletion of a two-dimensional electron gas
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(shown in Figure 1.2). The audio signals up to 25 kHz could be transmitted through a
0.48 m distance. The bandwidth of the THz detection was limited by the time-constant of
the lock-in and 7 kHz cutoff frequency of the I-V amplifier.
Another analog THz link based on THz time-domain system was demonstrated by
Liu et al. [18]. The audio signals were modulated upon the THz carrier by directly
modulating the bias voltage of the THz receiver. The transmission distance is about 100
cm. The 3 dB frequency response of the transmission channel was about 20 kHz. To
demonstrate the fidelity of data transmission, music was transmitted through the data
channel by using the electronic output from a computer’s speaker to modulate the
electronic bias to the THz transmitter. In frequency domain, good fidelity of data
transmission up to ~2 kHz could be observed.

Figure 1.3 THz communication set-up based on THz TDS system. HA: high-voltage
amplifier, PCS: photoconductive switch, TA: transimpedance amplifier, PA:
preamplifier, LP: low pass, CLK: clock tone.
Source:[19]
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Moeller et al. [19] demonstrated bipolar and on/off keying of THz pulses with
maximum modulation index by direct digital data encoding of photoconductive emitter
antenna’ bias voltage, thereby enabling data rates almost three orders of magnitude
higher than described in the previous two communication system[17, 18]. The
experimental set-up is shown in Figure 1.3, which consists mainly of a commercially
available THz TDS system which is electrically connected to a data source and BER
tester. The emitter antenna is electrically driven by a digital signal carrying the data
instead of a constant bias. A dc-coupled amplifier can increase the voltage at the antenna
input to about 20 V. A dc-offset between 0 V and ±Vpp/2 can be added to the pattern
generator output, allowing the signal format to vary continuously between bipolar and
on/off modulation. As the electrical field of the THz pulse directly depends on the sign
and the amount of the applied antenna bias, the pseudo random binary sequence (PRBS)
data are linearly mapped onto the THz signal and form its envelope.
As shown in Figure 1.4, at error-free operation (bit error rate (BER)<10-8), a high
impedance sampling scope recorded 0.5 Mb/s, 1 Mb/s, and 1.5 Mb/s eye diagrams,
showing the data-rate dependent ISI caused by limited receiver bandwidth. At low
transmitter voltage swing (TVS), receiver noise (Figure 1.4 d) limits the BER=10-4,
which is manageable using forward error correcting codes. At this BER level the minimal
required TVS for different data rates is determined to quantify ISI (intersymbol
interference) caused performance degradations (Figure 1.4 e). A comparison with a 2nd
order low pass (LP) filter simulations of the receiver shows good agreement with the
measurement. Increasing the TVS widens the eye which results into a reduced BER.
Tests showed that long (223-1) and short (27-1) PRBSs yield same BER performance.
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Figure 1.4 (a)-(c) Eye diagrams at different data rate and error-free operation, (d) at 1.5
Mb/s with BER=10-4, (e) measured and simulated required TVS at different data rates.
Source:[19]

1.1.2 Photonic MMW/UTC-PD Opto-Electronics Systems
Over the years, Nippon Telegraph and Telephone Corporation (NTT) group in Japan has
achieved substantial innovations in hardware components and several sub-THz
communication links which have been developed [26]. There are three types of systems
listed in Table 1.1.
•

Photonic MMW/UTC-PD THz sources and Schottky diode detector [20].
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•

Photonic MMW/UTC-PD THz sources and MMIC receivers [21].

•

An integrated MMIC transmitter and receiver [28].
The first two are radio-over-fiber (RoF) systems, which refer to modulating

optical carrier signals at millimeter wave frequencies. The optical signals can be routed to
a THz transmitter module using low loss optical fibers. Within the THz transmitter
module, the modulated optical beam is converted to a THz signal using a uni-traveling
carrier photodiode (UTC-PD) and launched into free space using a feed horn. The
motivations and advantages of the ROF system are several folds, listed as followed:
•

A RoF system could be an attractive solution to line of sight requirement
limitation because the millimeter signals can be transmitted over long distances
by using optical fibers with an optical frequency comb.

•

A RoF system can easily be integrated into a high-speed optical fiber
communication link as part of a first mile and last mile solution.

1.1.3 Integrated Circuit Systems
While the 1.5µm fiber-optical components of the RoF systems enable easy integration
with high-speed optical communications systems, there is a drawback of the photonic
approach in terms of additional optical components, system size, total cost, and added
power consumption. Clearly, replacing the opto-electronic THz source with an integrated
electronic device - which could function in concert with the Monolithic Microwave
Integrated Circuit (MMIC) receiver chip – would eliminate many of these issues.
Yamaguchi et al. [28] implemented a flexible coplanar waveguide MMIC chipset [36],
which included amplifiers, modulators, and demodulators, as the THz transmitter and
receiver in a 10 Gb/s wireless link. The link exhibited a 10-12 BER of a 10 Gb/s signal
over 800 m distance [28]. Improvements to the 120 GHz transmitter and well as
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implementation of forward error correction algorithms have extended the link distance to
5.8 km with an error-free transmission of 10 Gb/s data [29].
1.1.4 Multiplied Microwave Systems

Figure 1.5 Microwave frequency multiplier (a) THz source (b) THz receiver.
Source: [30]

Jastrow et al. demonstrated the analog [30] and digital [31] video signal transmission at
300 GHz using a microwave multiplier system. As shown in Figure 1.5, the system
consists of a frequency multiplied (6X) 16.66 GHz local oscillator (LO). The resulting
150 GHz signal is converted to a 290-310 GHz signal using a sub-harmonic mixer and a
DC-10GHz signal generator. The receiver LO is 16.38 GHz so that the intermediate
frequency (IF) of the receiver (5 GHz) is detected using heterodyne detection.
To demonstrate data transmission, Jastrow et al. transmit a color video baseband
signal with 6 MHz bandwidth which is modulated on an ultrahigh frequency (UHF)
carrier (855.25MHz) and then acts as the “signal generator” to be transmitted over THz
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link. At the receiver, the 5 GHz intermediate frequency (IF) is mixed down to baseband
and fed to a standard TV card. The TV card input requires a minimum signal to noise of
ratio of 40 dB. The image quality if viewed on computer screen. Using just the THz feed
horns, excellent picture quality is reported up to 0.5 m with significant degradation
observable at transmission distances of 0.8 m. When lenses are used to collimate the THz
radiation, a maximum link distance of 22 m is achieved. The system [30] has been used
for digital transmission [31], which is capable of transmitting digital video broadcast
(DVB) data at a rate of 96 MB/s over a distance of 52 m using forward error correction
codes. A multiplied microwave source for THz communication experiments at 625 GHz
has been recently reported [32]. Power, bit-error rate (BER), and signal-to-noise ratio
(SNR) measurements on the receiver side describe the signal performance of a 625 GHz
link with duobinary format driving THz source. The structure and the experimental
results will be described in detail in Chapter 2 and Chapter 3.
1.1.5 Quantum Cascade Laser Systems
Grant et al. developed the quantum cascade laser (QCL) THz free space communication
system consisted of a 3.8 THz QCL laser in conjunction with a cryogenically cooled
(12K) quantum well photodetector [34]. Figure 1.6 is schematic of the link. At the left a
quantum cascade laser housed in a vacuum Dewar provides 3.8 THz radiation which is
collected and collimated by a parabolic mirror labeled M1. M1 is a 50 mm focal length
off-axis parabolic reflector while M2 is 76 mm focal length. After reflected by M2,
Terahertz radiation is coupled through the semi-insulating substrate to the mesa at 45°
angle as is done in quantum well infrared photodetector (QWIP).
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Figure 1.6 Schematic of link showing quantum cascade laser at left and quantum well
photodetector on right.
Source: [34]

Analog audio data was transmitted over 2 m path length. Under normal operation,
a custom-made pulse generator generated 8ns pulses at a repetition rate of 455 kHz. On
top of this constant modulation, an audio frequency modulation is applied. The resulting
combined signal electronically modulates the QCL. The quantum well photodetector is
sufficiently fast enough to measure the 455 kHz pulse repetition rate as well as the sidebands generated by the audio modulation. The electronic output of the photo-detector is
amplified and passed through a 10 kHz low pass filter. Finally, the signal is passed to the
antenna input of an AM radio to recover the audio signal. No information or metrics were
presented as to the recovered audio signal quality.

1.2

Infrared (IR) Communication Systems

The infrared radiation is the region of electromagnetic spectrum between the THz and
visible light, which is in the frequency range from 100 THz to 430 THz, and the
corresponding wavelength range from 0.7 µm to 1000 µm. The whole infrared band can
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be further divided to three sub-regions: the near infrared region (0.7-3) µm, middle
infrared region (3-50) µm and far infrared region (50-1000) µm (shown in Table 1.2).
Table 1.2
Division of Infrared Radiation by International Organization for
Standardization (ISO)
Designation
Near Infrared (NIR)
Mid Infrared (MIR)
Far Infrared (FIR)

Wavelength
0.7-3 µm
3-50 µm
50-1000 µm

Frequency
100 THz-430 THz
6 THz-100 THz
300 GHz-6 THz

There are many applications IR technology at this time such as infrared imaging
[37, 38], tracking [39], heating [40], spectroscope [38] and wireless communications etc.
Here, the focus is on describing approaches to wireless IR communications. Wireless
infrared communications refers to the use of free space propagation of light waves in the
near infrared band as a carrier for communication [41]. The primary applications for
wireless infrared communications are listed as follows:
•

Short-term cable-less connectivity of information change between two users,
such as business cards, file sharing.

•

Wireless local area network (WLANs).

•

Wireless input and control devices, such as wireless mouse, remote controls,
remote electronic keys.
Infrared technology offers several important advantages over radio as a form of

wireless communication.
•

Potentially huge bandwidths.

•

Low cost, small size (portable) and low power requirements (ideal for laptops,
telephones and personal digital assistants).

•

Simple circuitry: no special or proprietary hardware is required. It can be
incorporated into the integrated circuit of a product.
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•

Higher security: This signal confinement over short distance makes it easy to
secure transmissions against casual eavesdropping.

•

Immunity to electromagnetic interference (EMI): IR does not interfere with
signals from other devices.

•

Portable.
However, despite the advantages presented by the infrared medium, IR also

shows some drawbacks:
•

Line of sight: transmitters and receivers must be almost directly aligned (able to
see each other) to communicate.

•

Blocked from persons and objects. Communication from one room to another
requires the installation of infrared access points that are interconnected via a
wired backbone.

•

Short range: performance drops off with longer distances.

•

Light, weather sensitive: high attenuation when transmitted through air and
atmosphere phenomena such as direct sunlight, rain, fog, dust, pollution. THz
transmission could offer an effective alternative in this environment.

•

Eye safety: IR has eye safety issue which causes the power limitation.
IR free space communication links at 1.5 µm wavelength are the most common

optical transmission for short reach (up to 10 km). As previously noted by Koch, wireless
IR systems are 30 years old, yet until recently the highest data rates reported were 155
Mb/s for the indoor systems (for diffuse configurations) [14]. The author demonstrated
155 Mb/s wireless transmissions with electronic position detection and tracking of the
transmitter at an imaging infrared receiver over a distance of nearly 2 m. A 2007 review
[42] of the field in IR shows no improvement beyond the 155 Mb/s data rate reported in
2001. Only recently has a 10 Gb/s data rate been demonstrated in a simulated
atmospheric environment [42]. The key to increasing the IR wireless data rate to 10 Gb/s
was advanced modulation formats such as orthogonal frequency division multiplexing.
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For outdoor systems, optical wireless links have been demonstrated for distances of more
than 25 miles and up to 40 Gb/s [43, 44].
When IR is used for outdoor systems, two of the most important issues with IR
free-space communications are transceiver misalignment due to atmospheric turbulence
and/or humidity fluctuations in the beam path (scintillation) as well as atmospheric
absorbance of the IR signal [45]. Atmospheric turbulence and humidity fluctuations cause
temporally and spatially dependence variations in the atmospheric real refractive index.
Consequently, the location of the IR beam on the receiver tends to vary in time leading to
scintillation effects. One of the solutions proposed is use of backup links, such as THz
communication links.

1.3

Atmospheric and Free-Space Damping Including Fog, Rain, Dust and Snow
on THz and IR links

When THz and IR links are used for outdoor communications, the adverse atmospheric
conditions, such as fog, rain, dust and snow will affect the performance of transmission
links to different degrees. In this section, the basic definitions will be introduced and
experimental characterization of environment on THz and IR communication links will
be discussed and compared.
1.3.1 Basic Definitions
1.3.1.1 Atmosphere.

Atmosphere is defined as the gaseous mass or envelope

surrounding the Earth, which is primarily composed of nitrogen ( N 2 , 78%), oxygen ( O2 ,
21%), and argon ( Ar ,1 %), but there are also a number of other elements such as water (
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H 2O , 0% to 7%) and carbon dioxide ( CO2 , 0.01% to 1%), present in smaller amounts.
There are also small particles that contribute to the composition of the atmosphere, such
as particles generated by combustion, dust, debris, and soil. The combination of all the
elements comprising the atmosphere contributes to its absorption and its behavior.
1.3.1.2 Aerosol. An aerosol is a suspension of solid or liquid particles such as haze
particles, clouds, and fog in a gaseous medium with the size range commonly between
0.01 and 10 µ m in the radius. The incoming light can be absorbed and scattered by
aerosol suspended droplets or particles. The fog droplets are the most important
atmospheric elements that contribute to the attenuation of an optical signal through Mie
scattering. The loss of light by scattering increases the atmospheric extinction, which is
the sum of actual absorption and scattering. The concentration of aerosol particles is high
close to the earth’s surface and low at high altitudes.
1.3.1.3 Attenuation. Atmospheric attenuation is defined as the process whereby some or
all of the energy of an electromagnetic wave is lost (absorbed or/and scattered) when
traversing the atmosphere [46]. For the typical wavelengths employed by wireless IR
links (850 nm, 1550 nm), the attenuation contribution from the atmosphere is relatively
low compared to the attenuation contribution from weather conditions. Gebhart et al. [47]
mention that attenuation values are around 0.2 dB/km for clear atmospheric conditions,
and 10 dB/km in urban regions (due to dust). Attenuation due to heavy fog, on the other
hand, can reach values greater than 300 dB/km.
1.3.1.4 Absorption. Absorption is the process of conversion of the energy of a photon
to internal energy, when electromagnetic radiation is captured by matter. When particles

17
in the atmosphere absorb light, this absorption provokes a transition (or excitation) in the
particle’s molecules from a lower energy level to a higher one. In the context of optical
wireless communications, the absorption peak refers to the specific wavelength at which
most power is absorbed by a particular impurity in a specific medium. The atmospheric
absorption is wavelength dependent and the atmospheric windows due to absorption are
created by atmospheric gas.
1.3.1.5 Scattering. Scattering is defined as the dispersal of a beam of particles or of
radiation into a range of directions as a result of physical interactions. When a particle
intercepts an electromagnetic wave, part of wave’s energy is removed by the particle and
re-radiated into a solid angle centered at it. The details of the scattering principle will be
introduced in Chapter 4.
1.3.1.6 Scintillation.

With regard to communications, scintillation is defined as a

random fluctuation on the received field strength caused by irregular changes in the
transmission path over time [46]. In the specific case of optical wireless communications,
this term refers to the strength variation of an optical signal as it travels through air, and it
derives from small fluctuations (optical turbulence) in the index of refraction along the
optical path. After fog, low clouds, and direct sunlight, scintillation is the factor that
causes most significant performance deterioration of an optical wireless links.
Scintillation effect can accumulate over a few kilometers of propagation distance.
Scintillation also appears to be more significant when the receiver has a small aperture
[48].
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1.3.2 Atmospheric Attenuation of THz and IR Communication Links
1.3.2.1 Simulations.

Atmospheric attenuation of THz and IR communications are

impacted differently by weather conditions such as fog, rain, snow, and humidity. Figure
1.7 compares the atmosphere attenuation of millimeter waves, THz and IR waves at sea
level for different weather conditions.

Figure 1.7
Calculated atmospheric attenuation in THz and IR band. ITU
recommendations are used from 10 to 1000 GHz. MODTRAN 4 is used from 30 to 0.3
microns. A code for the 1-10 THz region was developed by MMW Concepts LLL[49].
The dashed line corresponds to 4 mm/hr of rain. The dash-dot line corresponds to 100m
visibility of fog, and the solid line corresponds to US standard atmospheric conditions at
sea level (59% relative humidity = 7.5 g/m3 water content). The dotted line corresponds
to 15 g/m3 of water content. A wavelength of 1.5 µm corresponds to 2×105 GHz.
Source:[49]

Under fog conditions the THz absorption at ~625 GHz is around 20 dB/km which
is considerably lower than the 200 dB/km that the 1.5 µm wavelength suffers. The
maximum reach of THz radiation in fog can be much larger than those of usual IR based
systems. Thus T-rays based communication systems could serve as a back-up for foggy
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weather when IR signaling fails. It also should be noted that above 200 GHz and below
10 THz, the attenuation is dominated by atmospheric water vapor, with attenuation due to
rain and fog playing a minor role. In the IR, fog and smoke will cause significant
attenuation.
1.3.2.2 Experimental Characterization of Environment on THz Communication
Links. As noted by Brown [50] in his extensive consideration of MMW and THz remote
sensing systems, there is little or no experimental data on THz scattering by fog, rain,
particulates, etc. Brown attributes the limited experimental data to a lack of calibrated
THz instrumentation and the general difficulty in distinguishing absorption from
scattering effects.
Recent measurements of THz propagation through a humid atmosphere [51]
characterize attenuation of the water vapor form 0.2 to 2 THz using THz time-domain
spectroscopy and show higher attenuation than previously measured or predicted in this
THz transmission windows.
For the rain environment, the experimental data at 97 GHz [52] indicates a
reasonable agreement between measured rain attenuation values and those predicted by
different models. Differences in the measured and predicted values suggest that further
measurements are required to fully validate rain attenuation models at the higher MMW
or sub-THz frequency range. At a frequency region of above 100 GHz, the effect of rain
has been characterized only at 103 GHz [53], 120 GHz [54], and 355.2 GHz [55].
Utsunomiya and Sekine conducted propagation experiments at 103 GHz over 390 m. The
experimental data was compared with the calculation from the relationship between the
attenuation and the rainfall rate for the Marshall-Palmer, Best, Joss-Thams-Waldvogel
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and Weibull raindrop size distributions (shown in Figure 1.8). The Weibull distribution
shows a good agreement with the experiment results.

Figure 1.8 Comparison of attenuation coefficient between calculation and measurements
at 103 GHz for a 1 minute integration time.
Source: [53]

In comparing the measured BER with rain attenuation, Hirata et al. [54] observe
an interesting discrepancy between the experimental measurements and predicted theory.
As shown in Figure 1.9, as the rain attenuation increases, the BER increases relative to
the theoretical predictions from random noise theory. The author suggests two possible
explanations: wave front distortions (scintillations) or the difference in the measurement
cycle for rain attenuation (averaged over 1s) and BER (averaged over 100 ps).
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Figure 1.9 Measured BER for 120GHz wireless link (10.3Gb/s data rate) versus rain
attenuation.
Source: [54]

Figure 1.10 Comparison between calculation and measurements at 355.2 GHz for a 1
minute integration time.
Source: [55]

The rain attenuation at 355.2 GHz was measured at the National Defense
Academy and calculated using four rain-drop-size distribution and International
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Telecommunication Union (ITU-R) specific attenuation models. The calculated results
were compared with propagation experiments under rainfall intensities of up to 25 mm/hr
(shown in Figure 1.10), which proves that the experimental propagation results were in
good agreement with of the calculation from the specific attenuation model for use in
predication method recommended by ITU-R provides the best fit for the experimental
data.
The first direct experimental performance comparison between THz (625GHz)
and IR (1.5 µm) communication links, meaning that both signals passing the same
weather conditions (fog), has been recently reported [56]. The measurements results will
be described in detail in Chapter 4.
Due to the relatively small size of atmospheric particulates such as dust and
smoke compared to the THz wavelength, one would expect minimal THz attenuation due
to airborne particulates. Mann [57] had predicted that fog and smoke has little or no
effect up to 1 THz. A rough estimate of the attenuation can be made assuming that the
particulates act as spherical Mie scattering centers. Following a simple Mie scattering
formalism that was used previously to study attenuation of THz radiation due to particle
grains one can estimate the attenuation at IR, THz and sub-THz frequencies using known
particles sizes and concentrations. The details will be discussed in Chapter 5.
1.3.3 Scintillation Effects on the THz and IR Communication Link
There have been some measurements of scintillation effects at 97 GHz which showed
that the long-term probability distribution of scintillation amplitudes due to rain could be
modeled by the Mousley-Vilar equation [52]. Knowledge of the scintillation amplitude
distribution can be used to predict the degradation of the communication link due to
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scintillation. Experimental evidence that has been published concerning the effect of
scintillation on THz communication includes brief comments [21, 22] and a more
detailed analysis in [23]. Yamaguchi et al. [28] shows the measurement of the
scintillations due to the effect of wind on the propagating 125 GHz radiation (shown in
Figure 1.11). When wind velocity increased, the receiver axis deviation also increased
which caused the input power to decrease. However, since the input power even in the
presence of the wind was greater than the minimum required, the authors did not observe
any increase in BER due to the wind.

Figure 1. 11 Experiment result for the 800 m transmission: input power versus wind
velocity and Receiver axis deviation.
Source: [28]

For the IR links, experimental results on scintillation were reported by Gebhart et
al. [47] for a very long wireless IR link (of over 61 km). Their results show amplitude
variations (at the receiver) originated by air turbulence during clear sky conditions of up
to 30 dB. Their results also indicate that this problem becomes more significant as the
distance between the transmitter and the receiver increases. Also, Scintillation effects
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have been analyzed and a variety of theoretical models have been built to characterize the
scintillation effects on the IR links [58, 59].

CHAPTER 2
EXPERIMENTAL METHODOLOGY

In order to study and compare propagation features of Terahertz (THz) links with
Infrared (IR) links under different weather conditions, THz and IR communication lab
setups were developed. In this chapter, the experimental methodologies are presented
with emphasis on the design of two types of THz communication systems, namely THz
continuous-wave (CW) photomixing communication system [60-62] and frequency
multiplier chain based 625 GHz communication system [32, 63]. The IR wireless
communication system at 1.5 µm [56] and proportional-integral-derivative (PID)
controller [64] used for dynamic range improvement for the IR system are also described.

2.1

THz CW Photo Mixing Communication System

For the THz CW photomixing configuration two laser sources are typically multiplied or
mixed in a device such as a photoconductive antenna structure [65-67], where laser
beams with the Terahertz diﬀerence frequency excite charge carries in the semiconductor
material. Terahertz radiation is generated at the difference frequency of the two laser
sources. The value of the beat frequency can be easily regulated by changing the
temperature of the laser diodes, or laser current. For the communication experiments
reported here, the phase of one of the lasers is modulated using an optoelectronic
magnesium-oxide-doped lithium niobate (MgO: LiNbO3) phase modulator, which is
connected to a pseudorandom bit sequence (PRBS) generator. Since the speed of
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modulators can be as high as the gigahertz range, one essentially can eliminate the speed
limitations due to mechanical scanning in acquiring a THz waveform.
The experimental setup for the THz CW photo mixing communication system is
sketched below in Figure 2.1, which includes distributed feedback (DFB) laser system,
optics, THz transmitter (Tx) and receiver (Rx), signal modulation, and detection
subsystems.

Figure 2.1 Schematic diagram for THz CW photo mixing communication system. (a)
laser system (b) optical system (c) signal modulation and detection (d) THz Tx and Rx.
As shown in Figure 2.1, THz radiation is generated at the beating frequency of
two single mode distributed Bragg reflector diode lasers (TOPTICA DL DFB) operating
near 850 nm. The output of each laser is evenly split using the first pair of beam splitters.
The MgO: LiNbO3 phase modulator (New Focus 4002) is inserted into one of the beams
from Laser Diode #2, which could be modulated either by analogy signal (generated by
function generator) or digital signal (generated by pseudorandom bit sequence generator).
After splitting and passing one beam through the modulator, the light from the two lasers
are combined with another pair of beam splitters. The combined laser light is couple
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into polarization maintaining optical fibers and delivered to both the THz transmitter (Tx)
and receiver (Rx) which are low-Temperature-Grown GaAs bowtie-type photoconductive dipole antennae (PDA). The PDA is mounted on the back of a semi
hemispherical silicon lens which reduces the divergence of the THz radiation from the
antenna. The total optical power on both channels is ~25 mW. A bias of 20 V DC is
applied to power the THz transmitter. Two identical THz lenses with short focal lengths
(~32 mm) allow source beam transmissions over distances of 1 meter (beam diameter ~
20 mm) followed by refocusing of the beam on the receiver side into the receiver.
2.1.1 Distributed Feedback (DFB) Diode Laser System
For the photo mixing system, it is necessary to ensure a single-mode operation of both
lasers. The DFB technique is utilized in the system to eliminate multimode operation of
diodes. The DFB Laser system employs two Toptica DFB diode lasers with center
wavelength of 855 nm, BoosTA (high power semiconductor optical amplifiers) and
ISCAN (quadrature interferometer, laser mode monitor and frequency control).
2.1.1.1 DFB Laser Source. DFB diodes feature a diffraction grating structure within the
active region of the semiconductor. The structure builds a one dimensional interference
grating (Bragg Scattering). The grating provides optical feedback for the laser, restricting
their emission spectrum to a single longitudinal mode.
The DFB diode can be tuned by changing either the chip temperature (thermal
tuning rate: 25 GHz/K (0.058 nm/K) or the operating current (electrical tuning rate: 1.1
GHz/mA (0.0027 nm/mA) [68]. Thermal tuning achieves extremely large mode-hop free
scan ranges (continuous frequency scans of up to 1400 GHz can be realized by means of
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a temperature sweep of ~50 K). Electric tuning is favorable for rapid modulation and
frequency stabilization tasks.
Each DFB Laser is protected from optical feedback by a 60 dB isolator, and
coupled into the 90:10 single mode (SM), polarization-maintaining Panda fiber coupler.
Its weaker output, approximately 1% of the guided light intensity, is launched in the
ISCAN (quadrature interferometer) used in the frequency and power control loops of the
respective laser. Another port is connected to the BoosTA (amplifiers).
2.1.1.2 BoosTA (High Power Semiconductor Optical Amplifiers). The BoosTA is the
high power semiconductor optical amplifier. With 40 mW BoosTA input power, the
maximum power after amplification can reach 400 mW, which provides the high power
source for the terahertz generation.
2.1.1.3 ISCAN (Quadrature Interferometer). The attainable frequency resolution of a
CW terahertz setup is only limited by the frequency stability and linewidth of the utilized
laser sources. However, the sensitivity of the DFB wavelength to changes in temperaturethe very effect responsible for the large tuning range-makes the DFB laser susceptible to
frequency jitter and drifts. Without active frequency control, this result in a technical
linewidth of ~5 MHz on time scale of 100 ms, while the drift can be as high as several
100 MHz within few minutes. For high-speed terahertz communication, this is clearly not
sufficient.
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Figure 2.2 Quadrature interferometer (ISCAN).
Source: [68]

For frequency stabilization as well as controlled frequency tuning, each DFB laser
is regulated by electronic feedback from a fiber-coupled quadrature interferometer
(ISCAN) [69]. The principle of the ISCAN is based on quadrature signal generation
within a low-finesse temperature stabilized Fabry-Perot etalon (Figure 2.2). A wedge
shaped beam splitter within the interferometer head generates two low-intensity probe
beams (PBA and PBB), which enter a low-finesse, temperature-stabilized Fabry–Perot
etalon (free spectral range of 7.7 GHz) under slightly different angles. The etalon
generates a pair of interference signals with a relative phase of π / 2 . These signals are
detected by two photodiodes (a, b) and combined into a quadrature signal, the phase of
which is a linear function of the optical frequency. Two further photodiodes within the
quadrature interferometer serve to monitor the laser intensity. The intensity value is used
in an additional control loop that corrects the laser current in order to maintain a constant
average output power over the entire tuning range of the DFB laser.
The normalized quadrature signal can be visualized on an oscilloscope operating
in XY-mode: when the laser frequency is scanned, each of the photodiodes a and b
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detects an oscillating, near-sinusoidal signal. The XY-display yields a circle, where the
momentary phase angle corresponds to the laser frequency. The completed circumference
of the circle represents the range of the frequency scan. A mode-hop free scan yields a
smooth curve, whereas a mode-hop within the scan range is recognized by a sudden jump
across the circle (Figure 2.3). Using the Iscan, the frequency stability can be better than
20 MHz/24 hours.

Figure 2.3 Quadrature signal and corresponding mode signatures.
Source: [68]

2.1.2 Signal Modulation
A New Focus 4002 MgO: LiNbO3 phase modulator is used in the experiments, which can
be operated at any frequency from DC to 100 MHz. It is based upon the linear electrooptic effect—the change in the refractive index is linearly proportional to the applied
electric field. The applied voltage induces a change in refractive index along the
polarization axis of the infrared laser beam. By varying the applied voltage to the phase
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modulator, the optical path length experienced by the propagating laser beam varies
proportionally.
The configuration of phase modulator is illustrated in Figure 2.4. It contains an
electro-optic crystal of length l with electrodes separated by the crystal thickness d (the
electrode spacing). The voltage V is applied directly across the crystal’s electrodes,
which is perpendicular to the light propagation (transverse modulation mode). The
generated electrical field can be expressed as:

+V

l
d
Light Out

-V
Electrodes

Figure 2.4 Electro-optic phase modulator.

E=

V
d

(2.1)

The induced index of refractive change by an external electric field signal is:

∆n =

1 3
ne r33 E
2

(2.2)

where ∆n is the change of the refraction index, ne is the unperturbed refraction index of
the crystal (the refractive index of the crystal at zero voltage) and r33 is the electro-optic
coefficient. The phase shift obtained by applying a voltage V at the input SMA
(SubMiniature version A) connector can be expressed as:
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∆ϕ =

2π

λ

∆L =

2π

λ

l ∆n

(2.3)

where L is the optical path length (OPL), l is the geometric length of the crystal and λ is
the vacuum wavelength of the DFB laser. Substituting Equations 2.1 and 2.2 into 2.3,
yields a phase change as a function of:

ϕ m (t ) =

π 3 l
n r V (t ).
λ e 33 d

(2.4)

The half-wave voltage is defined as the voltage that could produce a phase shift of π,
which is

݀
ܸగ =

݊ ଷ ݎଷଷ ݈

ߣ

(2.5)

For the phase modulation model 4002, the half-wave voltage is typically 178 volts at 850
nm, corresponding to a modulation depth, β, of 0.0176 radians/volt.
2.1.3 THz Generation and Detection
2.1.3.1 Theory. THz radiation is generated by photo mixing of the two laser beams in
the THz transmitter. The generated THz wave can be presented as a product of electric
fields[62],
 
ETHz ~ E1 ⋅ E2 ~ E1 sin(ω1t + φ1 ) E2 sin(ω2t + φ2 ) ~ E1 E2 [ cos(∆ω t + ∆φo )]

(2.6)

where ∆ω = ω1 − ω2 , ∆φ0 = φ1 − φ2 , E1 and E2 are the amplitudes of infrared DFB electric
fields at the frequencies ω1 and ω2 , and phases φ1 and φ2 , respectively. In Equation 2.6, it
is assumed that the polarization of the two beams from laser diode #1 and #2 are parallel
so that the vector dot product of the infrared E fields simply becomes a scalar
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multiplication. The electro-optic phase modulator will induce an addition phase shift

φm (t ) which gives:
ETHz ~ E1E2 [ cos(∆ω t + ∆φo + φm (t ) ]

(2.7)

The detected THz signal is determined by mixing (multiplying) the incoming THz
radiation of Equation 2.7 with the two infrared DFB signals present at the THz detector:
Edet ~ ETHz ⋅ ( E1 ⋅ E2 ) ~ ETHz (t , φ p ) E1 sin(ω1t + φ3 ) E2 sin(ω2t + φ4 )

(2.8)

Simplifying Equation 2.8 gives

Edet ~ E12 E2 2 cos(φm (t ) + φ p + (φ1 − φ3 ) + (φ2 − φ4 ))

(2.9)

where φ3 and φ4 represent the phase of the beams from DFB #1 and DFB #2,
respectively, at the THz receiver. The phase shift φ p is induced by the free space between
the transmitter and receiver. Consequently, the voltage produced by the THz detector
varies sinusoidally with a linear increasing applied voltage to the phase modulator.
2.1.3.2 Photoconductive Antenna. THz Transmitter and Receivers are low temperature
grown Gallium Arsenide (LT-GaAs) antennas [70, 71]. THz radiation is generated using
a photoconductive emitter consisting of a small piece of semiconductor crystal
(commonly gallium arsenide) on which two planar metal electrodes form an antenna
supporting a large electric field across its surface (see Figure 2.5). A laser beam (with
some beat frequency ω1 − ω2 ) is focused onto the gap between the electrodes. This
generates charge carriers in the form of electron–hole pairs at the plate of the
semiconductor. The application of a bias voltage accelerates these charge carriers. An
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induced current is generated, which radiates a THz wave into the free space. An external
silicon lens reduces the divergence of the THz radiation from the antenna. The
photoconductive receiver (operating in reverse way to the transmitter) is used as the
detection technique.

Figure 2.5
Terahertz generation laser-gated photoconductive antenna Vbias: Bias
voltage applied to the gallium-arsenide (GaAs) substrate.

2.2

Frequency Multiplier Chain Based 625 GHz Wireless Communication System

In order to obtain simultaneously high output power and larger transmitter bandwidth at a
high carrier frequency, a frequency multiplier chain based a 625GHz wireless
communication system was developed. A duobinary modulation technique [72, 73]
utilized in the system ensured a sufficiently narrow spectrum bandwidth to pass an upconverting frequency multiplier chain. Compared to other transmitter architectures, the
source seems to have advantages in terms of maximum output power when considering
currently commercially available components. On the receiver side, a Schottky diode
operated in direct detection modes, convert the THz signal to baseband, which is less
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complex than mixer based receivers. The block diagram (Figure 2.6) shows the main
transmitter and receiver elements of the up converting frequency multiplier chain based
625 GHz transmission link.

X2 → X2 → X2
→X →X
2

X2

3

Figure 2.6 Schematic of up converting frequency multiplier chain based 625 GHz
transmission link.
2.2.1 THz Source
The THz source (Virginia Diodes Inc.) is based on a Frequency-Multiplier-Chain with
about 1 mW output power when operated in a continuous wave (CW) mode. It consists of
an amplifier driven at 2 W saturation power followed by four frequency doublers and one
frequency tripler, all based on biased Schottky diodes, which feed a horn antenna with
2.4 mm aperture. A launched tone within the frequency acceptance band between 12.2
GHz and 13.6 GHz gets up converted into a frequency band between 585 GHz and 653
GHz. The biasing of the Schottky diodes is actively controlled. However, the feedback
loop cannot counteract amplitude variations by a data modulation due to its bandwidth
limitation to the kHz range.
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2.2.2 Signal Modulation (Duobinary Modulation)
The source’s acceptance frequency band between 12.8-13.6 GHz for an applied input RF
tone requires multi Gb/s data rate signals with comparably narrow bandwidth such that
intersymbol interference (ISI) effects [74] caused by bandwidth reduction can remain
small. Duo-binary modulation yields a relatively compact spectrum compared to regular
(non-return-to-zero) NRZ modulation by applying phase coding and pulse widening.
Several techniques have been proposed to generate duobinary modulation. The delayand-add approach is applied in the system.
As shown in the signal modulation block of Figure 2.6, a 2.5 Gb/s NRZ format is
generated by a pulse pattern generator (PPG) with adjustable output power. The signal is
divided into two replicas by means of a wideband 6 dB electrical power splitter and one
branch is delayed by the duration of a bit (400 ps) with respect to the other. The replicas
are combined with another 6 dB power splitter, terminated with 10 dB 50 Ohm
attenuators at both input, in order to achieve better impedance matching and less
reflections. A quasi Gaussian low pass filter (LPF-1) with about 1700 MHz 3 dB
bandwidth is then applied to reduce the spectral width of the signal, mainly by cutting off
its tail. This signal is launched into the intermediate frequency (IF) port of a double
balanced mixer where the data modulates the output of a frequency synthesizer that is
connected to the local oscillator (LO) port. It is a specific feature of the double-balanced
mixer that a negative input at the IF port causes a 180 degree phase shift of the signal at
the radio frequency (RF) output. This is utilized to establish the required phase coding for
duobinary modulation. The data signal enters the THz source and modulates the THz
radiation which emanates from the horn antenna of the THz source with 2.4 mm aperture.
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Note, after the first frequency doubler of the source, the duobinary phase coding is
eliminated due to the squaring operation of the Schottky diode.
2.2.3 Transmission Channel
The output of the horn antenna is collimated by a THz lens (beam diameter ~20 mm)
with short focal length (~32 mm) and transmitted over distances with up to a few meters
length. After that an identical THz lens couples the beam into a receiver horn similar to
the transmitter antenna whose output is connected to a zero biased Schottky diode.
2.2.4 THz Receiver and Signal Detection
The detector functions in the low power region (input power <10 mW) to good
approximation as a square law converter with a responsitivity of about 2500 V/W at 600
GHz. The Schottky diode’s output is amplified by about 42 dB using two amplifiers (80
kHz-7 GHz pass band, 6 dB noise figure, maximum output power~19 dBm) and filtered
by a quasi-Gaussian low pass filter (LPF-2) with 3GHz 3dB-bandwidth. A 6dB electrical
power splitter launches one output (Vpp~500mV) to a high-speed scope or a Bit Error
Rate Tester (BERT) and the other to a 2.5 Gb/s NRZ clock recovery circuit that
synchronizes the measurement equipment.
Note that the current detector design, based on commercially available Schottky
diodes, is suboptimal for high-speed signaling. The video resistance of the diodes, under
low input power, is nominally ~1.5k Ohm and connected via a series of 50 Ohm
transmission lines and cables to an external high-speed electrical amplifier with matched
input impedance [75]. For low speed applications and after replacing the amplifier with a
high impedance device, a voltage of about 70 mV at the Schottky diode output is
detectable. However with 50 Ohm termination of the diode a significantly smaller voltage
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level is accessible at the high-speed amplifier input. A rough estimate (applying voltage
divider rule 50/1550) shows thus only about 3% of the signal voltage generated in the
Schottky diode is applied to the amplifier input. This estimate can be used to determine
the operation regime of the diode. At the amplifier output RF powers of about -14 dBm
for a BER around 10-9 is typically. Assuming an amplifier gain of about 42 dB, the
aforementioned voltage conversion factor of the diode, and a diode responsivity of 2500
V/W yields an effective launched THz power of about 20 µW. This is significantly more
than the vendor specs for the linear operation range of the device. An iris with 8.5 mm
aperture, inserted concentrically into the beam, limits its total power to an amount that
results in a BER of about 10-7 for an unloaded fog chamber.

2.3

IR Wireless Communication System at 1.5 µm

The block diagram (Figure 2.7) shows the main transmitter and receiver elements of IR
communication link, data acquisition interfaces, and proportional-integral-derivative
controller (PID controller) for IR power stabilization.
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Figure 2.7 (a) Schematic diagram of IR wireless communication link, (b) IR source, (c)
IR receiver and signal detection.
2.3.1 Transmitter and Receiver Elements of IR Communication Link
The IR transmitter (Figure 2.7 (a)) consists of a DFB laser (wavelength~1550 nm), a
Mach-Zehnder optical modulator, a high power erbium-doped fiber amplifier (EDFA), a
narrow bandwidth optical filter (~1 nm bandwidth), a low loss variable optical attenuator
(VOA) and a fiber based polarization controller (FPC). All are connected by standard
single mode fiber. The beam splitting ratio is polarization dependent and the FPC is
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adjusted to achieve the maximum detectable receiver power. The Mach-Zehnder
modulator is driven by the same 2.5 Gb/s NRZ signal as the THz transmitter. An EDFA
amplifies the modulator output to about 25 dBm, the maximum input power of the
bandpass filter, which reduces the detection of spontaneous emission on the receiver side.
After passing through the VOA, controlled by a proportional-integral-derivative
controller (PID controller), the IR signal is launched into the 90:10 single mode (SM)
fiber coupler. Its weaker output, launched into photo detector PD-1 serves as monitor for
the power entering the fog chamber. A fiber collimator expands the IR beam to about 20
mm diameter, which is comparable to the THz beam size before the iris.
The collimated IR beam could be superposed with the THz beam using a beam
combiner (see above) with 55% reflection ratio at 45 degree incident angle, transmitted
through the environment chamber (such as fog, dust, humidity chamber), and deflected at
its output with a similar beam splitter to spatially separate THz and IR signals. The
second beam splitter taps of a fraction of the IR power leaving the chamber and launches
it towards a large area photo diode (effective area 19.6 mm2) of detector PD-2, which in
combination with PD-1 is used to determine the power loss caused by the chamber load.
The remaining beam power enters via a fiber collimator a 1x2 multi-mode (MM) fiber
coupler with 50:50 splitting ratio. Its output power is launched to a low bandwidth photo
detector (PD-3) with a 1 m long standard single mode fiber (SSMF) and to a dc-coupled
IR lightwave converter (Agilent 81495A) with 9 GHz bandwidth. The lightwave
converter is twofold used for data detection and measuring the optical power of the
incoming signal, which is accessible via general purpose interface bus (GPIB). A bias tee
(Figure 2.6 (c)) at the converter output allows for extracting a voltage proportional to the
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DC components of the data signal, which serves as feedback for the PID controller of the
VOA. The ac-output of the bias tee is strongly attenuated and thereafter amplified in
order to level the signal-to-noise ratio (SNR) such that BERs around 10-7 and higher can
be adjusted while satisfying the BERT requirements of input voltage swings between 250
mV and 2 V.
2.3.2 Proportional-Integral-Derivative Controller (PID Controller)
2.3.2.1 Introduction of PID Topology. The controller consists of a front end with
differential input amplifier (proportional control), followed by an integrator and a
differentiator, arranged in what is known as ‘ideal’ PID topology. PID topology provides
a simple way to minimize the effect of disturbances to a system. As shown in Figure 2.8,
A PID controller calculates an "error" value as the difference between a measured process
variable and a desired setpoint ( ε =set point-measured process variable).

Then the

controller uses the error to generate three control signals:
1. Proportional, the amplified error: P × ε
2. Integral, the time integral of the error signal multiplied by a gain coefficient : I ∫ ε dt
3. Derivative, the time derivative of the amplified error signal multiplied by a gain
dε
coefficient D : D
dt

Figure 2.8 The block diagram of PID controller.
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After three correcting terms, the proportional, integral, and derivative terms are summed
to calculate the output of the PID controller. The final form of the PID algorithm is:
Output = P × ε + I ∫ ε dt + D

dε
dt

(2.10)

By tuning the three parameters in the PID controller algorithm, the controller can provide
control action designed for specific process requirements. The response of the controller
can be described in terms of the responsiveness of the controller to an error, the degree to
which the controller overshoots the setpoint and the degree of system oscillation.
2.3.2.2 PID Controller for the Fog Environment. One expects significantly higher
attenuation levels for the IR signal than the THz beam when passing through fog.
Simulations suggest that the losses in dB/m differ by a factor between approximately 10
and 100. While in the setup power measurements can be performed easily over a dynamic
range of 40 dB, BER recordings for determining the data signal quality typically cover
only a few dB of receiver input power variation. In order to increase the dynamic range
of the IR system for BER recordings, the PID controller, adjusting the launched power
into the chamber, is applied. Thus even at high attenuation levels the receiver power
drops only insignificantly or stays constant. The output of PID controller is connected to
a variable optical attenuator (VOA) with comparable short response time (< 10 µs) but
nonlinear response curve. An external voltage, equivalent to the output of IR lightwave
converter for the case of an unloaded fog chamber and a BER~ 10-6, serves as reference
for the PID controller. When fog starts to attenuate the received data signal, the control
loop decreases the initially set attenuation of the VOA to keep the power level on the
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receiver side constant. Typically, the control loop can cover a dynamic range of about 5
to 10 dB under stable operation.
2.3.3 Data Acquisition
The output of PD-1, PD-2, and PD-3 are recorded via a DAQ board with 16 bit resolution
and 1 kHz and 10 kHz sampling rate, sufficiently high to track even the fastest
fluctuations of the signals. BERs, RF power of THz signal, and optical power of the IR
signal are recorded via GPIB. A LabView time controller, set to a minimum clock rate of
500 ms, which the GPIB interface can handle, synchronizes all recordings.

CHAPTER 3
PERFORMANCE ANALYSIS AND CHARACTERIZATION OF THE DATA
LINKS

In this chapter, data modulation and transmission of THz signals and IR signals are
demonstrated and analyzed. For the THz CW photomixing communication system, THz
signal are phase encoded with both analog ramp signal and pseudorandom binary data,
transmitted over a short distance and detected. The limitations of transmission bandwidth,
low signal to noise ratio, vibration effects are also discussed here. The THz spectrum
response exhibits significant spectral peaks and valleys. To circumvent the inherent
limitation of the THz CW system and compare propagation features of THz links with IR
links under different weather conditions, a THz and IR communications lab setup with a
maximum data rate of 2.5 Gb/s at 625 GHz carrier frequency and 1.5 µm wavelength ,
have been developed, respectively. A usual non return-to-zero (NRZ) format is applied to
modulate the IR channel but a duobinary coding technique is used for driving the
multiplier chain-based 625 GHz source, which enables signaling at high data rate and
higher output power. The bit-error rate (BER), signal-to-noise ratio (SNR) and power on
the receiver side have been measured, which describe the signal performance.

3.1

Characterization of THz CW Photo Mixing Data Link

3.1.1 Analog Ramp Signal Modulation
According to Equation 2.9, the output voltage from THz receiver (Rx) varies sinusoidally
with a linearly increasing applied voltage. However, if the voltage swing corresponds to a
phase shift that was either smaller than or larger than 2π, the output voltage from the THz
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Rx would not be perfectly sinusoidal. The corresponding voltage swing required for a
complete 2π phase shift in the modulator is 360 V.

Voltage (mV)

80
40
0
-4 0
-8 0
0

20

40

T im e (m ic ro s e c o n d s )

80

Voltage (mV)

40
0
-4 0
-8 0
0

20

40

T im e (m ic ro s e c o n d s )

Figure 3.1 THz detector voltage output versus time as a function of modulated phase.
The sawtooth waveforms (left column) illustrate the modulated voltage (modulation rate
is 100 kHz). Middle column and left column are simulated detector signals and
experimental detector output, respectively. (a) Phase modulation is 5 radian (smaller than
2ߨ ), corresponding modulation voltage is 290 V (b) Phase modulation is 2π ,
corresponding modulation voltage is 360 V (c) Phase modulation is 8 radian (larger than
2π), corresponding modulation voltage is 460 V.
As shown in Figure 3.1, a linear voltage ramp waveform with different maximum
voltages swing corresponding to 5 radian (smaller than 2π), 2π, and 8 radian (larger than
2π) phase shift were applied to the phase modulator, the output of the THz receiver can
then be recorded with a digital oscilloscope that locks to the ramp modulation frequency.
The need for a complete 2π phase shift in the modulator is illustrated in Figure 3.1.b. For
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voltages below the equivalent of 2π phase shift (5 radian in Figure 3.1.a), the output
waveforms are not complete sinusoids. For voltages that are too large (8 radian in Figure
3.1.c), a voltage swing larger than one cycle is observed. Also simulation results (middle
column) are presented which matches well with the experimental waveforms (right
column). Note, in order to achieve the clear waveforms and suppress the noise, the
experimental waveforms shown in the Figure 3.1 are averaged 20 times.
3.1.2 Pseudorandom Bit Sequence (PRBS) Modulation
For the communication experiments reported here, the phase modulator is connected to a
PRBS generator instead of a function generator. The PRBS data are linearly mapped onto
the THz signal and form its envelope. The lasers are detuned by 0.16 nm which
corresponds to 0.08 THz which is in the power peak region for the CW photomixing
system. The amplitude of receiver output is 2 V with the separation of 2 cm between the
THz Tx and Rx. A high impedance sampling scope recorded 150, 200, 400 and 500 kb/s
eye diagrams (Figure 3.2) at the receiver output, which shows the data-rate-dependent
intersymbol interference (ISI) caused by limited receiver bandwidth and high noise level.

47

Figure 3.2 Eye diagrams at different data rates (a) data rate: 150 kb/s (b) data rate: 200
kb/s (c) data rate: 400 kb/s (b) data rate: 500 kb/s.
3.1.3 Characterization of THz Tx and Rx by Fast Spectrum Scanning
To demonstrate the utility of the method for fast spectral scanning, the lasers are detuned
up to 1 THz by changing the temperature of two laser diodes. Figure 3.3 (a) illustrates the
measured THz amplitude as measured with a digital lock-in amplifier (EG&G
instruments, Model 7260) using a time constant of 640 µs. The THz is scanned at 1 GHz
step per data point. The acquisition time for the 1000 data points scan of Figure 3.3 (a) (1
THz) is only several minutes.
However, Figure 3.3 reveals significant structure in the THz spectrum. Three
power peaks are around 48 GHz, 91 GHz, and 133 GHz. If Figure 3.3 (a) is plotted in the
logarithmic scale (Figure 3.3(b)), one can easily distinguish that the active range of
spectrum only exists between the 30 GHz and 130 GHz. In order to explore the finer
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structures, a spectrum scanning from 30 GHz to 130 GHz with 100 MHz step size was
performed. As shown in Figure 3.3(c), rather than a smoothly varying spectrum,
significant structures in the spectrum can be observed.
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Figure 3.3 Rapid frequency tuning curves for the measured THz (a) 1 THz scanning
range with 1 GHz step (b) Unit in logarithmic scale with 1 GHz step (c) 30 GHz to 130
GHz scanning range with 100MHz step.
3.1.4 Limitation of THz CW Photo Mixing Data Link
Analog ramp signal modulation, PRBS digital signal transmission, and fast spectrum
scanning were demonstrated in the previous sections. The transmission bandwidth, low
signal to noise ratio, vibration effects and significant structure of the THz Tx and Rx
which limits the maximum transmission distance and bit error rate (BER) measurement
will be discussed in the following sections.
3.1.4.1 THz Tx and Rx Spectrum Limitation. As shown in Figure 3.3, when the
frequencies of two lasers are detuned from 0 THz to 1 THz, the detected signals from
THz receiver contains quite abundant structures; especially there are three power peak
regions around 48 GHz, 91 GHz and 133 GHz. Also the effect region of THz signals for
this hardware system is limited to 200 GHz. Because of low THz signals above 200
GHz, the THz photomixing communication system can only operate at selected
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frequencies below 200 GHz. Unfortunately, within this frequency range, the atmosphere
effects (humidity, fog, rain, particulates) on the THz transmission are relative low
compared to higher THz frequencies, which means the comparable experiments of THz
and IR under different weather conditions cannot be performed with the CW photomixing
system.
3.1.4.2 Bandwidth Limitation. The RF bandwidth of the (MgO: LiNbO3) 4002 phase
modulator is 100 MHz and the electronic bandwidth of the amplifier of the
photoconductive antenna (PDA) THz receiver is roughly 420 kHz. So the maximum
speed of the current system is limited by 420 kHz.
3.1.4.3 Low Signal to Noise Ratio (SNR) and Vibration Effects.

Figure 3.4 (a) THz detector voltage output versus time as a function of modulated phase.
(modulation rate is 100 kHz, THz carrier wave frequency: 91 GHz). CH1: the sawtooth
waveform (modulation function) CH2: detected signal from THz Rx. (b) noise level.
The 100 kHz ramp signals are modulated on the THz carrier wave at 91GHz (power peak
region), transmitted and detected. The separation of the THz Tx and Rx around 1cm. As
shown in Figure 3.4, the detected signal is around 1 volt peak to peak with 200mv noise.
The low SNR limits the maximum transmission distance. The small vibrations of the
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table and air flow also change the optical path length and cause the detected signal
unstable.

3.2

Characterization of Frequency Multiplier Chain Based 625 GHz Wireless
Communication Link

3.2.1 Double Balanced Mixer Characteristics
Figure 3.5 shows the characterization of the double-balanced mixer used in the
modulation section. For dc-voltages in the range of the voltage swing of the launched
data signal and applied to the intermediate frequency (IF) port of the mixer, the amplitude
swing of the output signal is recorded when a 12.933 GHz tone is connected to the local
oscillator port of the mixer. A small offset for applied dc-voltage between -5 mV and +5
mV can be observed.

Figure 3.5 Double balanced mixer characteristics.
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3.2.2 Power Transfer Function Measurement
As discussed in Chapter 2, for the 625GHz communication link, the receiver horn is
connected to a zero biased Schottky diode, which functions in the low power regime
(input power <10 µW) as square law detector with large baseband bandwidth, meaning
that the detector's output voltage is proportional to its incident power measure in watts.
The responsitivity of the detector is about 2500 V/W at 600 GHz. The “power transfer
function” of the current system is characterized by sweeping the input frequency of the
THz source across its acceptance band and the output voltage of the Schottky diode is
also recorded. Figure 3.6 indicates a pass band that is impaired with a ~4 dB dip and 1 dB
ripples. These ripples cause group delay variations across the filter passband and
amplitude fluctuations, which together with the limited bandwidth make this source less
suitable for signal modulation with a comparable wide spectrum (direct 2.5 Gb/s nonreturn-to-zero (NRZ)). Also Figure 3.6 indicates the optimal frequency position of the
carrier at 12.933 GHz (corresponding to T-rays frequency at ~625 GHz) where best
system performance is achieved.
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Figure 3.6 Power transfer function of system and spectrum of data signal at THz source
input.
3.2.3 Performance of Duobinary Modulation Technique
Pre-coding the data reduces the signal bandwidth but keeps its payload the same, thus the
aforementioned filter impairments affect the signal performance less. The performance of
the duobinary modulation technique is shown in Figure. 3.7.

5 dB/div
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f)

Frequency(GHz)

Figure 3.7 Eye diagrams at 100 ps/div (a) output PPG, (b) output add & delay filter, (c)
after low pass filter (LPF1), (d) input to THz source (carrier @12.5 GHz), (e) output Rx
LPF, and (f) corresponding signal spectra.
Figure 3.7a shows the 2.5 Gb/s NRZ signal produced by the pulse pattern
generator (PPG). After NRZ signal gets split into two branches, with one branch delayed
by 400 ps and then combined, the resulting signal (Figure 3.7b) possesses three amplitude
levels (-1, 0, 1) and an advantageous phase coding, which significantly shrinks its
bandwidth compared to its corresponding NRZ format. Figure 3.7c shows the signal
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waveform after a Gaussian low pass filter, which indicates the signal spectrum reduced
further, mainly by cutting off its tail (Figure 3.7f). The almost rectangular NRZ eye at the
PPG output and its converted three level version, which is ‘smoothed’ by the Gaussian
filter but without introducing inter-symbol interference (ISI), drive a balanced mixer as
the baseband signal to imprint its data on a carrier at a frequency accordingly to the
acceptance band of the THz source. It is a specific feature of the balanced mixer that
negative amplitudes of the driving signal result in a 180 degree phase shift of the carrier.
A high-speed scope can conveniently be triggered to visualize the output of the balanced
mixer as an eye diagram when the product of carrier frequency and bit duration equals an
integer. Therefore, the eye diagram is recorded at 12.5 GHz carrier frequency, which is
close to the operation frequency of 12.933 GHz, where the system best performs (Figure
3.7d). Both, frequency synthesizer and PPG are coupled to a 10 MHz reference tone to
achieve synchronization. The center level of the eye appears to be broadened compared
with the mixer input, which can be explained by the small offset of the mixer transfer
function at 0 volt input (Figure 3.5). The eye diagrams (Figure 3.7e) for the carrier
frequency that gives best system performance and spectra including those of the receiver
output (Figure 3.7f) are recorded under ideal measurement conditions (ultra wideband
sampling scope, high resolution electrical spectrum analyzer, negligible noise) and also to
visualize signal distortions stemming from bandwidth reduction, system non-linearities,
and filter effects.
3.2.4 Performance Analysis of Detected Signal
Power decay of the THz beam caused by longer propagation distances in air reduces the
signal performance on the receiver side and leads to an increasing BER. In a real system
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several effects can contribute to such power decrease. However here the power decay is
emulated by reducing the detected T-ray power with an iris inserted concentrically into
beam to limit its effective diameter (Figure 2.5). The total receiver output power is
measured with a RF power meter while we record the corresponding BER with and
without threshold optimization (Figure 3.8). After optimizing the data decision threshold
at a BER of about 1x 10-3 (BER level that can be reduced to ~1 x 10-15 by forward error
correction coding with 7% overhead used in lightwave transmission systems[76])
increasing of the detected THz power leads to smaller BER up to 2.5 x 10-7 where further
power enhancement does not reduce the error count (noise floor) for long PRBS (231-1).
In case of threshold adjustment error-free operation is achieved at power levels above 14dBm at same pattern length. The impact of the PRBS length is investigated by
performing similar BER measurements with shorter patterns. For this the data is directly
triggered with the PPG clock in order to avoid artifacts caused by the clock recovery
when driven with long PRBSs. Short PRBS do not show noise floors as exemplifies with
a 27-1 pattern in both cases with and without decision threshold adjustment. A reason for
this could be saturation effects of the receiver Schottky diode and bandwidth limitations
of the receiver amplifiers. The clock recovery did not further degrade the system
performance.
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Figure 3.8 Bit error curves for long and short PRBSs with and without decision
threshold optimization. Eye diagram at decision gate input.
3.2.5 Signal-To-Noise Ratio (SNR) Measurement
In order to determine the signal-to-noise ratio (SNR) a short and periodically repeated
PRBS (27-1, 215-1) data is modulated and then measured with a high resolution electrical
spectrum analyzer. The noise level at the Rx amplifier output is measured as well. The
noise level is about 18 dB above the intrinsic noise floor of the electrical spectrum
analyzer (ESA) and independent of the launched THz power. The total receiver noise was
measured with a RF power meter to ~-36.4 dB. The obtained error rates are in fair
agreement with the theoretical amounts expected for bipolar coding if vertical eye closure
as visible in Figure 3.7e is accounted for in the calculation. The internal pre-amp of the
12.5 Gb/s bit error rate tester (BERT) does not significantly add noise to the data signal.
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3.3

Characterization of IR Wireless Communication System at 1.5 µm

Figure 3.9 shows for the IR link the BER performance versus the received input power
for same PRBSs and a typical eye diagram at the input to the decision gate. As before the
decision threshold was optimized at BER =10-6.

Figure 3.9 IR BER curves for long and short PRBSs with fixed decision threshold
optimized at BER=10-6.

CHAPTER 4
COMPARISON OF PERFORMANCE DEGRADATION FROM TERAHERTZ
AND INFRARED WIRELESS LINKS IN FOG

Since weather conditions such as fog exhibit a spectral dependence in the atmospheric
attenuation, the corresponding impact on THz in comparison with IR communications are
not equivalent. At frequencies below 1000 GHz, the size of fog particles is considerably
smaller than the carrier wavelength, so that the Rayleigh scattering can be applied to
replace the much more complicated Mie scattering theory [77]. The attenuation by fog
can be modeled using a simple double-Debye model for the dielectric permittivity of
water [78], based on the total liquid water content. In the IR range, this is no longer true
and the distribution of the particle size must be considered. Assuming that the particle
size distributions follow the Deirmendjian modified gamma function [79], models such
MODTRAN [80], LOWTRAN [81] and FASCOD [82, 83] can be applied in the IR range
to perform the full Mie calculation scattering for some known particle size distributions.
For a more practical approach, one could use visibility data to predict specific attenuation
using the empirical models, such as the Kruse [84], Kim [85] and Naboulsi [86] models.
In this chapter, simulation results of attenuation by fog in the millimeter and submillimeter waveband (from 0.1 to 1 THz) and infrared waveband (1.5 µm) are presented
and compared. An IR beam at 1.5 µm wavelength carrying the same data load is
superposed with the THz beam. After propagating through the same weather conditions
(fog), performance of both channels are analyzed and compared.

59

60

4.1

Fog Introduction

Fog is a collection of suspended water droplet or ice crystals near the Earth’s surface that
leads to a reduction of horizontal visibility below 1 km [87]. Fog normally can form
when the air becomes nearly saturated with water (relative humidity close to 100%) and
water vapor produce condensation around nuclei in the air (assuming sufficient
condensation nuclei are present in the air).
Fog can be characterized by several physical parameters, such as visibility, water
content ( g / m3 ), and drop size distribution. Several types of fog can be distinguished
depending on how the cooling induced the condensation occurred, but generally
advection fog and radiation fog are most encountered [88]. Advection fog is usually
coastal fog which forms when warm, moist air moves over colder surface (tropical air
encounters cooler waters). The diameter of the drop size is close to 20 µm and the liquid
water content is higher than 0.20 g / m3 . Radiation fog forms inland, which is generated
by the cooling of land by thermal radiation until the air temperature approaches the dew
point. Its liquid water content varies between 0.01 and 0.1 g / m3 and particle diameter is
around 4 µm.
In the lab environment, in order to compare propagation properties as measured
by different regions of the electromagnetic spectrum, the artificial fog is generated by
dripping liquid Nitrogen into a cup filled with hot water (temperature about ~80°C)
which is placed inside the fog chamber containing the propagating IR and THz beams. In
order to duplicate more closely naturally fogs, no condensation nuclei were added, the
steam condensing on the nuclei normally present in the air. The only apparent difference
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between artificial fog produced in this manner and natural fog is the sized of the fog
droplets, the artificial fog being composed of somewhat smaller particle of more uniform
size [89].
The droplet sizes of the fog particles are measured using the microscope. The fog
droplets are collected on slides covered with a thin layer of mineral oil. If the oil is
properly saturated with water, the evaporation of the drops can be prevented and the
drops will retain their spherical shape [90]. It suggests an average diameter of the fog
drops in a range of 8 µm. Better photographic contrast can be obtained if a proper dark
field illuminator is used [90].

4.2

Fog Attenuation and Scattering Mechanisms

4.2.1 Fog Attenuation
Atmospheric attenuation is also called extinction, defined as the process whereby some or
all the energy of an electromagnetic wave is lost (absorbed and/or scattered) when
traversing the atmosphere. According to the Beer’s-Lambert Law [91], the attenuation of
laser radiation through the atmosphere can be expressed as:

τ (λ , R ) =

P (λ , R )
= e−γ ( λ ) R
P (λ , 0)

(4.1)

where R is transmission distance, τ (λ , R ) is total transmittance of the atmosphere at the
wavelength λ , P (λ , R) is optical power at the distance R , P (λ , 0) is initial emitted
optical power, and γ (λ ) is attenuation or the total extinction coefficient (per unit of
length). The total extinction coefficient γ (λ ) is composed of two parts: absorption term
and scattering term and can be expressed as:
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γ (λ ) = α (λ ) + β (λ ) = α m (λ ) + α p (λ ) + β m (λ ) + β p (λ )

(4.2)

where α (λ ) is absorption coefficient, β (λ ) is scattering coefficient, and the subscripts m
and p designate the molecular and aerosol processes, respectively.
The absorption and scattering can be expressed in terms of the absorption and
scattering cross section ( σ a and σ s , respectively) of the individual particles that are
involved:

α = σ a Na

(4.3)

β = σ s Ns

(4.4)

where N a and N s are the concentrations of the absorbers and scatterers,
respectively.
Fog droplets in the atmosphere can be considered as approximately spheres with a
complex refractive index, which is also temperature dependent. In both THz region (625
GHz) and Infrared region (1.5 µm), the contributions of absorption to the total attenuation
coefficient are very small, while the effects of scattering dominate the total attenuation
coefficient [92].
4.2.2 Scattering Mechanism
The type of scattering is determined by the size of the specific particle with respect to the
transmission wavelength and can be divided into three domains based on a dimensionless
size parameter α which is defined as:
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a=

2π r

(4.5)

λ

where r is radius of the particle, 2π r is the circumference of the particle and λ is the
wavelength of incident radiation. Based on the value of a , those domains are [93]:
•

If a << 1 (particle size is much smaller than the wavelength), Rayleigh scattering
will be applied in this case.

•

If a ≈ 1 (particle size is comparable in size to the wavelength), Mie scattering
will fit in this case. Generally, the size parameter varies between 0.1 and 50
during Mie scattering [93].

•

If a >> 1 (particle size is much larger than the wavelength of light), geometric
scattering (nonselective scattering) is appropriate in this case.

Table 4.1 Typical Fog Droplets with Radius, and Corresponding Size Parameter for
Wavelengths of 480 µm and 1.5 µm
Particle Type

Radius (µm)

Fog droplet

Size Parameter a

1~20

a

0.001

0.01

625GHz
THz Range

0.1

625GHz (480 µm)

1.5 µm

0.013-0.261

4.18~83.73

1

10

Fog

Mie Scattering

Rayleigh Scattering

Fog

100

103

104

105

106

Size parameter(0.013-0.261)
1.5 µm
IR Range

Non-selective or Geometrical
Scattering

Size parameter(4.18-83.73)

β = AR λ −4

β = AM λ−1.6to0

β = AG λ 0

Figure 4.1 (a) Size parameter distribution of fog particles for wavelength of 480 µm
(625 GHz) and 1.5 µm and the corresponding regions for Rayleigh, Mie, and nonselective or geometrical scattering. β is scattering coefficient, AM , AR , AC are constants,
λ is wavelength.
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Figure 4.1 (b) Isotropic scattering (Rayleigh scattering) and forward scattering (Mie
scattering).
Table 4.1 shows the radius of the fog droplet and their corresponding size
parameter for laser for wavelengths of 480 µm (625 GHz) in the terahertz range and 1.5
µm in the IR range. Figure 4.1 (a) shows the size parameter distribution of fog particles
for THz and IR and corresponding regions for different scattering types. For the 625
GHz, the Rayleigh scattering occurs primarily of the fog particles in the atmosphere. The
radiation from Rayleigh scattering is equally divided between forward and back
scattering (as shown in Figure 4.1 (b)). The attenuation coefficient varies as λ −4 . For the
laser wavelengths of 1.5 µm (IR range), the scattering of radiation becomes more
dominant in the forward direction as opposed to the backward direction (as shown in
Figure 4.1 (b)). Mie scattering is not strongly wavelength dependent and the exponent in
the power law dependence on wavelength for the attenuation coefficient varies from 1.6
to 0 [94].

4.3

Scintillation Effects on the THz and IR Communication Link

There are three primary atmospheric process that affect optical wave outdoor
propagations: absorption, scattering and refractive-index fluctuation (optical turbulence).
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Absorption and scattering by the gases and particulates of the atmosphere give rise
primarily to attenuation of the laser beam, which are introduced in Section 4.2. In the
following section, scintillation effects will be introduced.
With regard to communications, scintillation is defined as a random intensity
fluctuation on the received field strength caused by irregular changes in the transmission
path over time [46]. The strength variation of an optical signal as it travels through air
derives from small fluctuations (optical turbulence) in the index of refraction along the
optical path. The atmospheric turbulence arises when air parcels of different temperatures
are mixed by wind and convection. The individual air parcels, or turbulence cells, break
up into smaller cells and eventually lose their identity. In the meantime, however, the
mixing produces fluctuation in the density and therefore in the refractive index of air
[95].

Figure 4.2 Air turbulence causes refractive index fluctuations resulting into speckle
(intensity variations at receiver) that limits the reach of IR systems.
Source: [16]

The fluctuations of the real refractive index through the path of a beam can cause
random deflection and interference between different portions of the wavefront and
destroy the flat phase front of an IR light beam when it passes through a few kilometers
of air. Even if a single local refractive index fluctuation only slightly distort the wave’s
phase front, the effect can accumulate over a few kilometers of propagation distance
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resulting into a complete or almost complete destruction of the phase front. As a
consequence, on the receiver side the beam cross section appears as a speckle pattern
(Figure 4.2) with huge local and temporal intensity variations preventing detection of
constant signal power. After passing through fog, low clouds, and direct sunlight,
scintillation of the carrier wave is the factor that causes most significant performance
deterioration of an optical wireless link. Because of the constantly changing pattern,
scintillation appears to be more significant when the receiver has s small aperture.
As will be shown below, THz beams are much less susceptible to scintillation
compared to IR beams. The index of refraction value in the atmosphere depends on
temperature, pressure, and humidity of air and on the temperature, pressure, and humidity
of air and on the wavelength used for the transmission. The refraction index of air in the
millimeter wave band up to a few hundred GHz can be well approximated as function of
temperature and pressure by [96]:
nmmW ≈ 1 +

P
7.76 
Pa + 4810 v  ×10−6

T 
T

(4.6)

where T, Pa , Pv stand for the temperature in Kelvin, the atmospheric pressure in kPa,
and the water vapor pressure in kPa, respectively. Similarly, for IR wavelengths the
refraction index of air can be written as[95]:
nIR ≈ 1 + 7.76 ×10−6 1 + 7.52 × 10−3 λ −2 ) 

Pa
P
≅ 1 + 7.76 × 10−6 a
T
T

(4.7)

where λ stands for the wavelength in µm. The formula does not consider humidity
as it only insignificantly degrades IR propagation. Under the assumption of relevant air
parameters a numerical comparison of both formulas shows that even at high levels of
water vapor pressure the refraction index changes in both the THz and IR bands are
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comparable. Since scintillation effects are driven by variations in phase, the relevant
parameter is the variation in the optical path length relative to the electromagnetic
wavelength. Since the variation in the optical path length for both the IR and THz are
comparable (the changes in refractive index are commensurate), the relative magnitudes
of the phase variations are predominately determined by the electromagnetic wavelength.
The wavelength of THz at ~200 GHz is approximately 1000 times longer than the
wavelength of 1.5 µm light. In summary, while time-varying fluctuations in the real
refractive index of the atmospheric path leads to scintillation effects in wireless
communications, these effects are smaller for THz compared to IR wireless links [16].

4.4

Millimeter Wave Attenuation Due to Fog

For the fog particles, generally less than 20 µm, the Rayleigh approximation is valid for
the frequency range between 10 GHz and 1000 GHz. To calculate propagation effects,
the Rayleigh scattering approximation can be applied to replace the much more
complicated Mie scattering theory.
4.4.1 Double-Debye Model
The attenuation by fog from 10 to 1000 GHz can be calculated using a simple doubleDebye model for the dielectric permittivity of water based on the total liquid water
content, developed by Liebe [78] and adopted by the international Telecommunication
Union in Recommendation (ITU-R P.840-4) [97, 98].
When the Rayleigh scattering approximation is valid, the specific attenuation
within fog can be written as:
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γ c = Kl w

Kl =

(4.8)

0.819 f
ε ''(1 + η 2 )

(4.9)

2+ε '
ε ''

(4.10)

η=

where γ c is specific attenuation (dB/km) in the fog, K l is specific attenuation coefficient
(dBkm-1g-1m3), w is liquid water density (g/m3). The liquid water density in fog is
typically about 0.05 g/m3 for medium fog (visibility of the order of 300 m) and 0.5 g/m3
for thick fog (visibility of the order of 50 m). In the above equation f is the
frequency(GHz), ε ' and ε '' are the real and image part of the complex dielectric
permittivity of water which can be computed with double-Debye model:

ε ''( f ) =

ε '( f ) =

f (ε 0 − ε1 )
f (ε1 − ε 2 )
+
2
f p [1 + ( f / f p ) ] f s [1 + ( f / f s ) 2 ]

ε 0 − ε1

+

ε1 − ε 2

[1 + ( f / f p ) ] [1 + ( f / f s ) 2 ]
2

+ ε2

(4.11)

(4.12)

with three permittivity constants given by,

ε 0 (T ) = 77.6 + 103.3(θ − 1)

(4.13)

ε 1 = 5.48

(4.14)

ε 2 = 3.51

(4.15)

The relative inverse temperature variable θ can be expressed as,
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θ = 300 / T

(4.16)

with T representing the temperature (K). The principal and secondary relaxation
frequencies are:

f p (T ) = 20.09 − 142(θ − 1) + 294(θ − 1) 2

(4.17)

f s (T ) = 590 − 1500(θ − 1)

(4.18)

and

In summary, (4.8)-(4.18) represent the propagation model for the fog droplets from 10 to
1000 GHz.
4.4.2 Simulation Results
The fog attenuation from 10 GHz to 1000 GHz at several temperatures are evaluated by
Rayleigh approximation and displayed in Figure 4.3(a). Figure 4.3(b) is in the
logarithmic scale. Selected numerical values of the attenuation are listed in Table 4.2.
Table 4.2 Double-Debye Model Predication of Attenuation for Frequency Up to 1000
GHz, Water Content: w=1g/m3
Frequency
(GHz)

γ c (T=-20℃)

γ c (T=-10℃)

(dB/km)

300

γc

(dB/km)

(T=0℃) γ c (T=10℃)
(dB/km)
(dB/km)

γ c (T=20℃)
(dB/km)

11.0843

12.4123

13.9210

15.1108

15.7974

400

14.0374

15.8171

17.7635

19.4355

20.6363

500

16.4556

18.8518

21.3424

23.5158

25.1914

800

20.9017

25.1923

29.5697

33.5219

36.8206

1000

22.4296

27.6469

33.0955

38.1767

42.5875
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Figure 4.3 (a) Double-Debye model predication of attenuation for frequency up to 1000
GHz, water content: w=1g/m3 and temperature from -20 ℃ to +20 ℃ (b) Logarithmic
scale.
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4.5

Infrared Wave Attenuation Due to Fog

At infrared wavelengths ( λ =1.5 µm), the fog particle size is r ≤ 20 µm, the size
parameter varies between 4.18 and 83.73, which mostly belongs to Mie scattering. The
Rayleigh scattering approximation could not fit the IR range.
4.5.1 Full Mie Scattering Calculation: Theoretical Approach
4.5.1.1 Total Extinction Coefficient.

According to the Mie Scattering theory, the

absorption coefficient α (λ ) (Equation 4.2) is given by [79, 82, 83]:
∞

α (λ ) = ∫ Qa (

2π r

0

λ

, n '')π r 2 n( r ) dr

(4.19)

where n '' is the imaginary part of the refractive index, which represents the absorption
part of the particle, λ is the wavelength, n( r ) is the particle size distribution, r is the
particle radius, Qa is Mie normalized absorption cross section ( Qa = Ca / π r 2 ), Ca is the
Mie absorption cross section and n( r ) dr is the number of particles per unit within the
range from r + dr .
The scattering coefficient β (λ ) can be expressed as [79, 83]:
∞

β (λ ) = ∫ Qd (
0

2π r

λ

, n ')π r 2 n( r ) dr

(4.20)

where n ' is the real part of the refractive index, representing the scattering part of the
particle, Qd is Mie normalized scattering cross section ( Qd = Cd / π r 2 ), and Cd is the Mie
scattering cross section.
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4.5.1.2 Particle Size Distribution.

Silverman and Sprague use the Deirmendjian

modified gamma distribution [79] to describe the size distribution of the particles, which
can be expressed as:

n( r ) = c ⋅ r m exp( −b ⋅ r n )

(4.21)

where n( r ) is the number of the particles per unit volume and per unit increasement of
the particle radius r (µm), while m , b and n are parameters that characterize the particle
size distribution. The constant c is a normalization constant. For two different types of
fog: heavy adventure fog and moderate radiation fog, the typical parameters are given in
the Table 4.3.

4.5.1.3 Fog Attenuation. If the particle size distribution, water refractive index and
absorption and scattering cross sections are known, the extinction coefficients can be
calculated using Equation 4.20 and Equation 4.21 and software modeling code such as
FASCOD [82], LOWTRAN [80] and MODTRAN [80].

Table 4.3 DSD Gamma Parameters, Reflectivity Z, LWC and Visibility V of the
Considered Four Models of Fog
Type of
fog

Advection

Radiation

Model

c

α

b

γ

Z(dBz) LWC

V(km)

( gm −3 )
1. strong

0.06592

3

0.3

2. light

0.027

3

0.375 1

3. strong

2.37305

6

1.5

4. light

607.5

6

3.0

1

1

-3.03

0.9

0.02

-16.79

0.078

0.089

-31.27

0.062

0.146

1 -46.32

0.016

0.352
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Figure 4.4a shows the calculated wavelength dependent extinction coefficient in
presence advection fog for various values of visibility (100 m, 200 m, 500 m, 800 m)
based on FASCOD program.

(a)

(b)

Figure 4.4 (a) Extinction coefficients versus wavelength for advection fog and various
visibility values as derived from FASCOD (b) Extinction coefficients versus wavelength
for radiation fog and various visibility values as derived from FASCOD.
Source: [86]

4.5.2 Empirical Approach
4.5.2.1 Principles of Kruse, Kim and Al Nabulsi Models. Since the scattering particle
size distribution is not readily available in many cases, determining the attenuation
coefficient using Full Mie scattering calculations is not very practical. Several empirical
models have been developed to calculate the relationship between the attenuation
coefficient and the visibility, such as the Kruse [84], Kim [85] and Al Nabulsi models
[86].
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The atmospheric visibility is defined as a distance where the 550 nm collimated
light beam is attenuated to a fraction ( 5% or 2% ) of original power [84], which can be
given by the Koschmieder Law:
V=

3.912

γ 550 nm

(4.22)

For both Kruse and Kim model, the attenuation coefficient is approximated by

γ (λ ) =

3.912 λ − q
(
)
V
550

(4.23)

where q is depends on the scattering particle size distribution, which can be determined
by the experimental data. It is given by the Kruse model:

 1.6  V > 50km


q =  1.3  6km < V < 50km
0.585V 1/3 
V < 6km



(4.24)

A new expression for the value of q in Equation 6 for visibility< 6 km, is proposed by the
Kim model
1.6

 V > 50km

 6km < V < 50km
1.3


q=
0
 V < 500m
 V − 0.5  500m < V < 1km


0.16V + 0.34  1km < V < 6km

(4.25)

For the Al Naboulsi model, fog attenuation coefficient caused by advection fog is:

γ (λ ) =

0.11478λ + 3.38367
V

The fog attenuation coefficient caused by radiation fog is:

(4.26)
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γ (λ ) =

0.18126λ 2 + 0.13709λ + 3.7502
V

(4.27)

The specific attenuation in dB/km could be calculated by fog attenuation coefficient

γ (λ )
aspec ( dB / km) =

10
γ (λ )
ln(10)

(4.28)

4.5.3 Simulation Results
Simulations were performed to calculate the fog specific attenuation for 1.5 µm IR
radiation. The attenuation predicted by Kruse model is shown in Figure 4.5. Kim model
investigated the fog attenuation in detail from 0 m to 6 km and corresponding results are
presented in Figure 4.6. Figure 4.7 shows the specific attenuation for radiation fog and
advection fog given by Al Naboulsi models. All three plots are in logarithm scale. In
order to compare the specific attenuation predicted by the different models, the predicted
attenuation using different models is shown in Figure 4.8 with the visibility from 0 to 1
km. The Kim model is more proper for the low visibility, which is the case for current
experiments. Kim model is utilized to calculate the specific attenuation versus
wavelength for various visibility values shown in Figure 4.9. The simulation result is
comparable with the exact Mie theory calculation shown in Figure 4.4.
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Figure 4.5 Specific attenuation using the Kruse model for 1550 nm wavelength.
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Figure 4.7 Specific attenuation using Al Nabulsi model for 1550 nm wavelength.
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Figure 4.8 Specific attenuation for 1550 nm wavelength predicted by different models.

78

3

Attenuation(dB/km)

10

2

10

1

10

V=100m
V=200m
V=500m
V=800m
0

10
-1
10

0

1

10

10

2

10

Wavelength(um)

Figure 4.9 Specific attenuation versus wavelength for various visibility values derived
from the Kim model.

4.6

Experimental Results

4.6.1 Experimental Setup
An IR beam at 1.5 µm wavelength carrying the same data load as the THz system is
superposed with the THz beam, propagating through the same weather conditions (fog)
(shown in Figure 4.10). As both beams pass through the same channel perturbations and
as their degradations are recorded simultaneously, the weather impact on both channels
can be simultaneously analyzed and compared. The block diagram (Figure 4.10) shows
the main transmitter and receiver elements of the THz and IR communication links, the
optics for combining beams, the fog chamber, data acquisition interfaces, and control
loops for IR power stabilization. The features of the THz link followed by some remarks
about the IR channel have been explained in Chapter 2 and Chapter 3.
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Figure 4.10 (a) Schematic diagram of THz and IR wireless communication link through
fog chamber, (b) IR source, (c) IR receiver and signal detection.

4.6.2 Experimental Results
4.6.2.1 Signal Attenuation by Fog. First the transmission links performance is shown
with a disabled PID controller. The constant IR power is launched into the chamber. As
expected, when fog fume reaches the propagation path of the beams strong attenuation of
the IR light is observed while the THz signal exhibits only a minor but measurable
decreased in power. A typical evolution of the attenuations in both channels is shown in
Figure 4.11(a). The measurement capabilities are limited to about 42 dB dynamic range
during certain time intervals, as indicated in Figure 4.11(a). The recording shows the
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noise floor of the power meter and not the actual IR power level. Clearly there is a huge
difference in the IR and THz attenuation. Usually, even ‘small’ amounts of fog are
sufficient to block the IR beam after a few seconds of diffusion. When the IR attenuation
reaches about 4 dB, the BER measurement of the IR signal collapses in agreement with
the receiver performance shown in Figure 4.11(a) and Figure 4.11(b). For the THz
channel, a functional relation between the attenuation for both signals and the recorded
BERs is clearly visible. After some 10s of second the fog disappears into the lab
environment or is converted into humidity thus both links regain or approach their
original performance, respectively. The ratio of the IR channel attenuation over the THz
channel attenuation (Figure 4.11(c)), both measured in dB, shows a trend to become
smaller towards the end of the measurement. However, while one would expect the total
attenuation in either channel to change in time as the particle density of the fog decreases
in time, one would expect the ration of attenuation coefficients in the IR and THz to be
fixed. Likely, over time, the fog is converted into humidity during the recording time.
The conversion of fog to humidity impairs the THz signal relatively stronger than the IR
signal. This hypothesis is in agreement with Figure 4.11(b) where the THz link towards
the end of the measurement maintains a small attenuation while the IR attenuation
approaches zero.
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Figure 4.11 (a) Attenuation of THz link and IR link with time (b) Log(BER) of THz link
and IR link with time (c) IR attenuation in dB relative to THz attenuation in dB over
time.
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4.6.2.2 Fog Visibility Characterization. In order to characterize the visibility of fog, the
specific attenuation (dB/km) (shown in Figure 4.12) is derived from Figure 4.11(a) since
the length of the fog chamber is 1 m. Following the Kim model, the visibility of fog is
calculated over time. From Figure 4.6, one can see the maximum specific attenuation
Kim model can fit is 1699 dB/km which corresponds to 10 m visibility. Consequently,
the dense fog corresponding to visibility below 10 m could not be analyzed here.
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Figure 4.12 Specific Attenuation of THz link and IR link with time (dB/km).
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With different visibility, the specific attenuation of THz is calculated by DoubleDebye Model and compared with experimental data. (Shown in Table 4.4)

Table 4.4 Comparison of THz Experimental and Theoretical Specific Attenuation at
Different Visibility

0.05

Experimental
Specific
Attenuation
(dB/km)
2

Theoretical
Specific
Attenuation
(dB/km)
1.406

50

0.5

14.06

12

10

1

28.1381

22

Visibility
(m)

Water
Density
(g/m3)

300

4.6.2.3 Scintillation Effects in Fog Chamber.

Two effects investigated by fog

contribute to the IR power reduction on the receiver side. While attenuation of the IR
beam by power decay has been demonstrated above, local refraction index
inhomogenities -as discussed below- cause phase front distortions of the optical mode
that is coupled into the detector fiber. If the mode of the IR beam was only attenuated in
the fog chamber but the phase front was not degraded, then the IR power coupled into the
receiver fiber would to a good approximation proportional to the IR power detected by
PD-2. However, if phase front distortions of the IR beam were to occur one would expect
a smaller coupling efficiency especially into the SSMF with small aperture. In order to
simultaneously visualize the effect of phase front distortions on the detection with large
and small aperture fibers, the IR signal is coupled into a 1 x 2 multimode power splitter
whose output ports are connected to photodetector PD-3 via a SSMF and the
aforementioned lightwave converter with multimode fiber input. The goal is to keep the
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optical power at the data receiver’s input constant by means of the PID controller when
fog enters the beam so that the BER should not change (constant signal quality). The
outputs of all photo detectors are simultaneously recorded along with the BER and
transmitter output power of the IR channel (Figure. 4.14). In order to allow an easier
overview on the variations of the recorded signals we plot relative changes on a decibel
scale. When fog diffuses into the IR beam after about 3s recording time the PID
controller enhances the IR power launched into the chamber and measured by
photodetector PD-1. Up to about 17s recording time the control loop can compensate the
power loss inside the chamber. Thereafter, the maximum transmitter output power is
insufficient to further equalize the losses of the link until the link attenuation drops back
at about 22s recording time to a level within the power margin of the system. While the
detected optical power at the data receiver stays almost constant (for t< 17s) we see small
changes of the output of PD-2. Around pointer ‘A’ these variations are less than 0.15 dB
but show that the receiver power and detected power of PD-2 are not always exactly
proportional to each other. However, the variations of the power coupled into the SSMF
appear more pronounced (up to +/- 2dB). The variations in outputs of both PD-2 and PD3 indicate that scintillation effects impair the IR beam. The fog and humidity impact on
the THz signal is generally small while visualization of possible scintillation effects in
the THz beam is below the measurement precision. Small kinks in the received power of
the data receiver (pointer ‘B’) could be caused by rapidly changing signal attenuation and
noise which affects the stable operation of the PID controller for short time. Interestingly,
at pointer ‘C’ and ‘D’ the chamber attenuation for the IR beam is almost zero whereas the
attenuation of the THz signal is about 0.1 dB. Likely, at these recording times fog was
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converted into humidity which impacts the IR signal comparably less than the THz
signal. The RF power meter provides a two digit reading after the comma, which explains
the rough quantization of the recorded signal.
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Figure 4.14 (a) Individiually normalized outputs of photodetectors (PD-1, PD-2, PD-3)
in dB, (b) Opitcal power of IR and RF power of THz due to fog, (c) Log(BER) of IR and
THz links impaired by fog.

CHAPTER 5
COMPARISON OF PERFORMANCE DEGRADATION FROM TERAHERTZ
AND INFRARED WIRELESS LINKS IN DUST

Due to the relatively small size of atmospheric particles such as dust and smoke
compared to THz wavelength, one would expect minimal THz attenuation due to
airborne particulates. Mann had predicted that smoke has little or no effect up to 1 THz
[57]. Attenuation caused by scattering strongly increases when the wavelength of the
radiation nears the particle size, which explains why dust and pollution can significantly
impair IR transmission. Under the dust conditions, IR transmission is considerable better
than for fog [99]. Gebhart et al. [47] mentions that for the typical wavelengths employed
by wireless IR links (780 nm and 1550 nm), attenuation due to dust is around 10 dB/km
in urban regions. On the other hand, the attenuation due to heavy fog can reach values
great than 300 dB/km. In this chapter, an IR beam (1.5 µm wavelength) carrying the
same data load as the THz beam is superposed with the THz beam (625 GHz), and
propagated through the same aerosol conditions (Bentonite particle with mean size of
diameter 8.6 µm). Different amounts of dust (0.05 g, 0.08 g and 0.13 g) are loaded in the
test chamber to generate a variety of dust concentrations for beam propagation. The
optical power attenuation and BER are measured, analyzed and compared. As the dust
loading becomes heavier (and extinction increases), the measured attenuation becomes
more severe. Under identical dust concentrations, IR wavelengths are strongly attenuated
while THz wavelength shows almost no impact. Therefore, THz communications are a
better option than IR wireless links in a battle-field or wildfire environments in which
large concentrations of airborne particulates would be expected. For some specific link
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length requirements THz can enable reliable communication as compared to IR-based
systems under dust conditions.

5.1

Experimental Methodology

5.1.1 Dust Particle Source Distribution for Bentonite
Bentonite powder, which is the dust particle used in the experiment, is a mixture of clay
minerals such as mica, feldspar, quartz and lime. The particle size distribution for
Bentonite is measured by laser diffraction (LS) particle size analyzer and the result is
shown in Figure 5.1. Table 5.1 shows the calculated size parameters of the Bentonite.

Figure 5.1 Particle size distribution of Bentonite measured by laser diffraction particle
size analyzer.
Table 5.1 Bentonite Particle Size Distribution Parameter (calculations from 0.375 µm to
2000 µm)

Mean(µm)

Median(µm)

Mean/Median
Ratio(µm)

Variance (µm)

8.613

7.151

1.204

37.87
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5.1.2 Dust Chamber Design
The dust chamber is shaped like a cylinder with 12 inch diameter of the bottom and top
plate and 12 inch height. Figure 5.2 (a) shows the schematic diagram of dust chamber
design and (b) shows real picture of dust chamber design.
The dust is placed inside the hopper, which sits above the dust holder. The
electronic pulse switch controls the air valve and the released air removes the dust from
the dust holder and ejects it at a high speed into the chamber from the top plate of the
dust chamber. The hopper can be easily refilled during operation and it can produce a
very constant and reproducible feed of dust.
The air is flowed into the chamber with constant volume speed through the holes
from the bottom plate. Holes form 5 concentric set of circles with diameter
7 7 7 7 7
1
inch. The
,1 , 2 , 3 , 4 inches. All the holes maintain the same diameter of
8 8 8 8 8
14

constant air volume flow rates are regulated by the air flow controller to achieve the
specific flow rates which are need in the system.
Two Picarin window [100] are utilized in the system since it is highly transparent
in both THz and IR ranges. After experiments are completed, the dusty air can be
extracted by the exhaust pump which is installed on the top plate.
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Figure 5.2 (a) Schematic diagram of dust chamber design (b) real picture of dust
chamber design.
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5.1.3 Force Balance Analysis of the Dust Particle
In order to keep the dust elevated in the air as long as possible and make the
concentration of the dust maintain constant for a longer time interval, the air volume
speed need to be calculated through the force balance theory.
As shown in Figure 5.3, there are three forces applied on the dust particle, gravity,
buoyancy and drag. The force balance condition could be expressed as:

Buoyancy

Drag

Gravity

Figure 5.3 Free body diagram of the dust particle.
Fgravity = Fbuoyancy + Fdrag

(5.1)

The force on a dust particle due to buoyancy is giving by Archimedes’ principle[101]:
buoyancy is equal to the weight of displace fluid.
Fbuoyancy = mg g = ρ gV p g = m p

ρg
g
ρp

(5.2)

where m g is the mass of the gas displaced, g is gravitational acceleration, ρ g is gas (air)
density, V p is volume of gas, ρ p is particle density, and m p is mass of the particle (dust).
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The gravity force can be expressed as:
Fgravity = m p g

(5.3)

The drag force (air resistance) could be calculated using:

Fdrag =

CD (Vg − V p ) 2 ρ g A

(5.4)

2

where C D is drag coefficient, Vg is the velocity of gas, V p is the velocity of the particle,
Vg − V p is the speed of the particle (dust) relative to the gas (air), A is area of the

orthographic projection of the object on a plane perpendicular to the direction of motion,
for a sphere A = π (

dp
2

) 2 , where d p is particle diameter. The drag force can further be

expressed as:

Fdrag =

CD (Vg − V p ) 2 ρ g d p 2π

(5.5)

8

substituting Equations 5.2, 5.3 and 5.5 into the Equation 5.1. The force balance condition
could be rewritten as:

mp g = mp

ρg
CD (Vg − V p )2 ρ g d p 2π
g+
ρp
8

(5.6)

substituting V p = 0 into the Equation 5.6 and solving the Equation for Vg , which
should be the air velocity which could keep particle remains elevated and motionless,
yields
1

 mp g
ρg
8 2
Vg = 
(1 − )

πC
ρ p ρ g d p 2 
 D

(5.7)
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where the density of the Bentonite particles is ρ p = 2.7 g / cm3 ,[102] and the average
diameter d p = 8um = 8 ×10−4 cm .
The drag coefficient C D is defined as:

CD =

a
R eb

(5.8)

where R e is Reynolds number[103], which is defined as:

Re =

d p (Vg − V p ) ρ g

µg

(5.9)

where µ g is dynamic viscosity of the gas ( kg / ( m ⋅ s ) . This value depends mostly on the
temperature 300K (26.85 degrees Celsius) and is computed using Sutherland's
formula[104]:

µ g = µ0* (a / b)* (T / T0 )3/ 2

(5.10)

where a = 0.555T0 + C , b = 0.555T + C , µ0 is reference viscosity in centipoise at
reference temperature T0 , T0 is reference temperature in degrees, and C is Sutherland’s
constant. The dynamic viscosity µ g can be calculated as:
9
300 × 3
0.555 × 524.07 + 120
5 ) 2 = 0.0187 m ⋅ Pa ⋅ s
µ g = 0.01827 m ⋅ Pa ⋅ s
×(
(5.11)
9
524.07
0.555 × (300 × ) + 120
5
According to the Reynolds number, there are three regimes, Stocks regimes, Intermediate
regimes and Newton’s regimes [105] for C D , shown in Table 5.2.
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Table 5.2 Reynolds Numbers for Different Regimes
Reynolds
Number

Regime

a

b

0 < Re < 0.4

Stokes

24

1

0.4 < Re < 500

Intermediate

10

0.5

Re > 500

Newton’s

0.43

0.0

In the following sections, the Reynolds number will be calculated to determine
the appropriate regime.

5.1.3.1 The Intermediate Range of Reynolds Numbers. Assuming the drag coefficient
C D is in the intermediate regime:

 µg
a
10
CD = b = 1 = 10 
d V ρ
Re
Re 2
 p g g
mp =

π d p3
6

1

2



(5.12)

ρp

(5.13)

substituting Equation 5.12 and 5.13 into Equation 5.7 yields


π d p3 g ρ p  ρ g

Vg =
1 −
 6π 10  ρ p


Vg can be solved from Equation 5.14:

1

2
 8  d pVg ρ g  

 
2 
 ρ g d p  µ  
1
2

(5.14)

2

Vg = 0.26

d p  g ( ρ p − ρ g )  3
1

(u ρ g ) 3
2

= 0.26*

8*10−4 cm 9.8m / s 2 ( 2.7 − 1.169 *10−3 g / cm3 )  3
−5

−3

1
3 3

(1.87 *10 kg / ms *1.169 *10 g / cm )

= 6.618cm / s

(5.15)
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substituting Equation 5.15 to 5.9 gives a Reynolds number value of

Re =

d p vg ρ g
µ

=

cm
*1.169*10−3 g / cm3
s
= 0.03
0.02 g / ms

8*10−4 cm *6.618

(5.16)

The calculated value of the Re should be in the Stoke’s regime, which is conflict with the
assumption (intermediate regime).

5.1.3.2 Is Newton’s Regime Appropriate? Assuming that the drag coefficient C D is in
the Newton’s regime:

CD =

a
= 0.43
Re b

 d p g ( ρ p − ρg ) 
Vg = 3.1 

ρg



−4

−3

(5.17)

1
2

1
2

 8*10 cm9.8m / s (2.7 − 1.169*10 ) g / cm 
= 3.1 
 = 131.886cm / s
1.169*10−3 g / cm3


2

3

(5.18)

substituting Equation 5.18 into Equation 5.9,

Re =

d p vg ρ g
µ

=

cm
*1.169*10−3 g / cm3
s
= 0.59
0.02 g / ms

8*10−4 cm *131.886

(5.19)

Re is in the Stoke’s regime, which shows that the assumption of Newton’s regime is
incorrect.

5.1.3.3 Is the Reynolds Number in the Stoke’s Regime? Assuming that the drag
coefficient C D is in the Stoke’s regime:
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CD =

Vg =

d p2 g

(ρ
18µ

p − ρg ) =

Re =

d p vg ρ g
µ

a
24
=
b
Re
Re

(5.20)

64*10−8 cm2 9.8m / s 2
(2.7 − 1.169*10−3 ) g / cm3 = 0.47cm / s
18*0.02 g / ms

=

cm
*1.169*10−3 g / cm3
s
= 0.002
0.02 g / ms

8*10−4 cm *0.47

(5.21)

(5.22)

Note that this value for Reynolds number is in the Stoke’s regime, clearly, the choice of
the drag coefficient and corresponding Reynolds number are consistent.

5.1.3.4 Volumetric Flow Rate Calculation.

The volumetric flow Qg rate is kept

constant in the whole system:

Q = A * vg =

=

π dc
4

2

π ft 2
vg =

4

0.47cm
s

0.47 × 3.14 × 30.52 3
0.47 × 3.14 × 30.52?× 60
cm / s =
lit / min == 20.59lit / min
4
4 × 103

(5.23)

where d c = 12 inches is diameter of the dust chamber cylinder.
From the calculation, one can conclude that in order to keep the dust elevated and
motionless as long as possible and maintain an approximately constant dust
concentration, the gas flow rate should keep 20.59 lit/min.

5.1.4 Experiment Setup
As shown in Figure 5.4, the schematic diagram of THz and IR wireless communication
link through dust chamber is same with the fog link (in Chapter 4) except that the fog
chamber is replaced by the dust chamber. Also, for the fog chamber, picarin is used as the
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transmission window material instead of the polyethylene foil, because the air flow noise
will cause vibrations of the beam splitter film, which consequently will generate
background noise of the collected data. The features of the THz link followed by some
remarks about the IR channel have been explained in Chapter 2.

X2 → X2 → X2

X2

→ X2 → X3

Figure 5.4 (a) Schematic diagram of THz and IR wireless communication link through
dust chamber, (b) IR source, (c) IR receiver and signal detection.

5.2

Mie Scattering Theory

A rough estimate of the attenuation can be made assuming that the particulates act as
spherical Mie scattering centers. Following a simple Mie scattering formalism [106] that
was used previously to study attenuation of THz radiation due to particle grains [106],
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one can estimate the attenuation at IR, THz and sub-THz frequencies using known
particles sizes and concentrations. The extinction coefficient takes on the following form:

γ th (v) = N

c2 ∞
∑ (2m + 1) Re(am + bm )
2π v m=1

(5.24)

where N is number of grains per unit volume, which will vary greatly depending on the
method of dust production processes, c is the speed of light and am , bm are coefficient of
the infinite summation such that,

am =

ψ ' m ( y )ψ m ( x) − nψ m ( y )ψ 'm ( x)
ψ 'm ( y )ζ m ( x) − nψ m ( y )ζ 'm ( x)

nψ 'm ( y )ψ m ( x) −ψ m ( y )ψ 'm ( x)
bm =
nψ 'm ( y )ζ m ( x) −ψ m ( y )ζ 'm ( x)

(5.25)

where

ψ m ( z ) = zjm ( z )
ζ m ( z ) = zhm(2) ( z )

(5.26)

here jm ( z ) and hm(2) ( z ) are spherical Bessel functions of the first kind and third
kind [107], respectively. The parameter z can be either x =

2π vr
2π vr
or y =
, where r
c
c

is the radius of the spherical particle and n is the frequency independent refractive index
of the particle. And the extinction coefficient uth (v) here takes into account both the
intrinsic absorption of the materials as well as extrinsic losses involving single scattering
events. As an example, attenuation due to the battlefield particles can be estimated using
Equations 5.24, 5.25 and 5.26. For the calculation, parameters used are particle density:
N = 5 × 106 / cc , particle radius r = 0.2 µ m and a real index of refraction: 1.5. The size

parameter for the THz range (0-3THz) is from (0~0.012) and for IR range (0.6 µm~100
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µm) is from (0.012~2.09). Figure 5.5 shows that IR wavelengths are strongly attenuated
while THz wavelengths would enable communications.
2
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Figure 5.5 (a) Predicted IR attenuation due to spherical airborne particles, (b) Predicted
THz attenuation due to spherical airborne particles.

5.3

Experimental Results

Three different amounts of dusts (0.05 g, 0.08 g and 0.13 g) are loaded in the dust
chamber. For each amount, three trials have been done to verify the reproducibility of the
experimental results.

5.3.1 0.05 g of Dust
5.3.1.1 Transmission Link Performance with Disabled PID Controller. With

a

disabled PID controller, constant IR power is launched into the dust chamber. Figure 5.6
(a) shows the normalized signals detected by free space detector (PD-2), (b) shows the
single mode fiber signal (PD-3), (c) shows optical power of incoming IR signal, and (d)
shows Log(BER) signal detected by the BERT. Signal (a) and (b) are recorded by a Data
Acquisition card (DAQ) and signal (c) and (d) are collected via GPIB. The results
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showed good repeatability of all three trials, which ensure the accuracy and reliability of
each experiment.
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Figure 5.6 Detected IR signal for the 0.05gram dust (a) Free Space (PD-2) (b) SM Fiber
Detector (PD-3) (c) Optical Power of IR(dBm), (d) Log(BER) of IR.
A typical evolution of the attenuations in both THz and IR channels is shown in
Figure 5.7 (a). As expected, when dust is launched in the propagation path of the beams,
the attenuation (around 1.8 dB) of the IR light is visible while the impact on THz could
be neglected. The IR signal collapses in agreement with the receiver performance shown
in Figure 5.7 (b) and record BERs of THz in Figure 5.7 (b) verify again that the dust
effects on THz is negligible. After 350 seconds almost all the dust particles have fallen
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down to the bottom of the chamber thus both links regain and approach their original
performance, respectively.
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Figure 5.7 (a) Attenuation of THz link and IR link with time (b) Log(BER) of THz link
and IR link with time.
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One can observe a sharp peak in Figure 5.7 (a) with the attenuation around 3.5 dB
at 14.4 seconds. This is generated by the fast vibration of the beam split film duo to the
sharp noise of the dust release shutter, which could not be counted as the real attenuation
due to dust. This sharp peak also appears in Figure 5.6 at the 14.4 seconds. To prove this,
the data is recorded when the shutter is released without launching dust into the chamber.
Clearly, there is a peak around 13.86 seconds.
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0.6

Voltage (V)

0.5
0.4
0.3
0.2
0.1
0
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20

40
60
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80

100

Figure 5.8 Detected IR signal with single mode fiber detector and free space detector for
the source caused vibration.
5.3.1.2 Scintillation Effects study with PID Controller. The goal is to keep the optical
power at the data receiver’s input constant by means of the PID controller when dust
enters the beam so that the BER should not change (constant signal quality). The outputs
of all photo detectors are simultaneously recorded along with the BER and transmitter
output power of the IR channel (Figure 5.9).
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When dust is launched into the IR beam after about 20 s recording time, the PID
controller enhances the IR power launched into the chamber and measured by
photodetector PD-1. Up to about 50 s recording time the control loop can not compensate
the power loss inside the chamber, the maximum transmitter output power is insufficient
to further equalize the losses of the link until the link attenuation drops back at about 50s
recording time to a level within the power margin of the system. After that, the detected
optical power at the data receiver stays almost constant (for t>50 s).
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Figure 5.9 (a) Individually normalized outputs of photodetector(PD-1, PD-2, PD-3) in
dB, (b) opitcal power of IR and RF power of THz due to dust, (c) Log(BER) of IR and
THz links impaired by dust.
Unlike the fog, scintillation effects can not be observed in the IR links when the
dust is launched. The possible reasons are listed below:
•

Attenuation in the link: the attenuation due to the fog is 5 dB, which is more
significant than the dust link (1.5 dB).
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•

Fluctuation changing speed: fog generation process causes much more irregular
changes, which strengthen the scintillations effects. However, when dust is
launched in the chamber, due to the force balance design, the density of the dust
is changed very smoothly and slowly and the fluctuation effects will become
smaller.

5.3.2 0.08 g of Dust
5.3.2.1 Transmission Link Performance with Disabled PID Controller. Figure

5.10

shows the detected signals for 0.08 gram dust. The results also showed good repeatability
of all three trials.
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Figure 5.10 Detected IR signal for the 0.08gram dust (a) Free Space (PD_2) (b) SM
Fiber Detector (PD_3) (c) Optical Power of IR(dBm), (d) Log(BER) of IR.

Figure 5.11 shows the comparison of IR and THz for power attenuation and BER
change. Clearly there is a huge difference in the IR and THz attenuation.
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Figure 5.11 (a) Attenuation of THz link and IR link with time (0.08g) (b) Log(BER) of
THz link and IR link with time.
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5.3.2.2 Scintillation Effects study with PID Controller.
2

Attenuation (dB)

1

0

-1

-2
Input Power(PD1)
SM Fiber Detector(PD3)

-3

Free Space(PD2)
-4

0

20

40

60

80
100
120
Time(second)

140

160

180

200

(a)
2

Attenuation(dB)

1

0

-1

-2

Input Power(PD1)
SM Fiber Detector(PD3)

-3

-4

Free Space(PD2)

0

20

40

60

80
100
120
Time(second)

140

160

180

200

(b)

Figure 5.12 (a) Individually normalized outputs of photodetector (PD1, PD2, PD3) (b)
outputs of the photodetector with noise elimination.
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Scintillation effects testing are also performed for the 0.08 g of the dust. Figure 5.12 (a)
shows individually normalized outputs of photodetector (PD-1, PD-2, PD-3). Still
scintillation effects cannot be clearly observed in the process. In order to eliminate noise,
the average has been taken for each 100 points, corresponding to 1ms and the result is
shown in Figure 5.12(b), there is no evidence of scintillations effects in the links.

5.3.3 Comparison of Different Dust Densities
Three different amounts of dusts (0.05 g, 0.08 g and 0.13 g) are loaded in the dust
chamber (shown in Figure 5.13). One observes that as the dust loading becomes heavier
(and IR extinction increases), the IR attenuation will become much more severe as
expected.
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Figure 5.13 (a) Normalized voltage detected by free space detector (PD-2) for different
amount of the dust.
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Figure 5.13 (b) Optical power of IR for different amounts of dust.
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Figure 5.13 (c) Log(BER) of IR for different amounts of dust.
From Figure 5.14, one can see there is no effect on the THz links for different
density of dust. Still, the peak around 14.4 seconds is due to the vibration of the beam
splitter caused by the powder release shutter noise.
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Figure 5.14 (a) Attenuation for different amount of the dust (b) Log(BER) of THz for
different amounts of dust.

5.4

Simulation Results

The particle concentration is decreasing slowly with time, since all the dusts will finally
fall down to the bottom of the chamber. In this section, the particle concentration at
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different time is estimated though the IR attenuation according Beers-Lambert
Law(Chapter 4.2) and Mie scattering theory[106]. Then the THz attenuation is simulated
through Mie scattering theory, which shows good agreement with the experimental data.
According to the Beers-Lambert Law, the attenuation of laser radiation through
atmosphere can be expressed as (see Chapter 4.2):

τ (λ , R ) =

P (λ , R )
= e − γ ( λ ) R = e − ( α + β ) R = e − β R = e −σ s N s R
P (λ , 0)

(5.27)

where P (λ , R) is optical power at the distance R , P (λ , 0) is initial emitted optical
power, γ (λ ) is extinction coefficient (per unit of length). α is absorption coefficient, β
is scattering coefficient, σ s is scattering section, and N s is particle concentration.
From Equation 5.27, the particle concentration N s can be calculated as:

− ln(
Ns =

P (λ , R )
)
P (λ , 0)
Rσ s

(5.28)

The attenuation is defined as:
att _ dB = 10 × log10

P (λ , 0)
P (λ , R )

(5.29)

According the Equation 5.28 and 5.29, the relationship between the N s and
attenuation in dB can be expressed as:

Ns =

att _ dB × ln10
10 × R × σ s

(5.30)

From Equation 5.24, the total extinction cross sections can be calculated as:

σ s (v ) =

c2 ∞
∑ (2m + 1) Re(am + bm )
2π v 2 m=1

(5.31)
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According to the Mie scatter theory (Chapter 5.1.2), the total extinction cross
sections can be calculated and plotted as a function of particle size parameter (Figure
5.15 a) and frequency (Figure 5.15 b). The mean size of the bentonite particle is 8.6 µm,
and the real part index of refraction is 1.52. And Figure 5.15 b shows the relationship
between the particle size parameter and frequency (with particle radius 8.6 µm). For
wavelength of IR is 1.5 µm (200 THz), the corresponding particle size parameter

a = 33.51 and the extinction cross section is σ s = 4.737 × 10−10 .
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Figure 5.15 (a) The extinction efficiency as a function of size parameter.
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Figure 5.15 (b) The extinction efficiency as a function of frequency.
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According to the IR attenuation data of 0.08 g of dust (Figure 5.10a) and
substituting extinction cross section σ s = 4.737 × 10−10 to Equation 5.30, the particle
concentration during different time can be calculated and plotted as Figure 5.16. The
particle concentration varies from 1.5 × 109 / m 3 to almost 0. Using Equations 5.24, 5.29
and 5.30, the THz attenuation with time is calculated and plotted as Figure 5.17. The
maximum attenuation of the THz is 0.1 , which is twice of the experimental curve shown
in Figure 5.11 b. The possible reason could be in the simulation process, only mean
particle size is considered. To achieve the better results, particle size distribution could be
considered in the simulation process.
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CHAPTER 6
CONCLUSIONS AND FUTURE PERSPECTIVES

In this chapter, the contribution made in this dissertation research work is summarized
and the future work is mentioned. The research work described in this thesis has made
unique, original contributions in several areas of instrument development (625 GHz
transmission link), comparison of the atmosphere attenuation due to airborne particulates
(fog and dust ), and experimental scintillation effects study of IR links.

6.1

Summary of Research Results

In order to study and compare propagation features of Terahertz (THz) links with
Infrared (IR) links under different weather conditions such as fog and dust, a THz and IR
communications lab setup with a maximum data rate of 2.5 Gb/s at 625 GHz carrier
frequency and 1.5 um wavelength, respectively have been developed. A usual non returnto-zero (NRZ) format is applied to modulate the IR channel but a duobinary coding
technique is used for driving the multiplier chain based 625 GHz source, which enables
signaling at high data rate and higher output power. The bit-error rate (BER), signal-tonoise ratio (SNR) and power on the receiver side have been measured, which describe the
signal performance.
At frequencies below 1000 GHz, the size of fog particles is considerably smaller
than the carrier wavelength, so that the Rayleigh absorption can be applied to replace the
much more complicated Mie scattering theory. On the frequency range from 10 GHz1000 GHz, the attenuation by fog is modeled using a simple double-Debye model for the
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dielectric permittivity of water, based on the total liquid water content. In the IR range,
this is no longer true and the distribution of the particle size must be considered. The
specific attenuation is predicted using the empirical models, such as the Kruse, Kim and
Alnabulsi models. Simulation results of attenuation by fog in the millimeter and submillimeter waveband (from 0.1 to 1 THz) and infrared waveband (1.5 µm) are presented
and compared. An IR beam at 1.5 µm wavelength carrying the same data load is
superposed with the THz beam. After propagating through the same weather conditions
(fog), experimental performance of both channels are analyzed and compared.
Due to the relatively small size of atmosphere particles such as dust and smoke
compared to THz wavelength, one would expect minimal THz attenuation due to
airborne particulates. Gebhart et al. [47] mentions for the typical wavelengths employed
by wireless IR links (780 nm and 1550 nm), attenuation due to dust is around 10dB/km in
urban regions. An IR beam at 1.5 µm wavelength carrying the same data load is
superposed with the THz beam (625 GHz), propagating through the same aerosol
conditions (Bentonite particle with mean size of diameter 8.6 µm). The optical power
attenuation and BER are measured, analyzed and compared. Under same dust
concentration, IR wavelengths are strongly attenuated while THz wavelength shows
almost no impact, so THz communication could apply in the battle filed or wildfire
environments and for some specific link length requirements THz can enable reliable
communication instead of IR based systems under dust environment. Also, different
amounts of dust (0.05 g, 0.08 g and 0.13 g) are loaded in the chamber to generate
different dust concentration environment. As the dust loading becomes heavier (and
extinction increases), the attenuation will become more severe.
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6.2

Future Work

As mentioned above, atmosphere attenuation caused by fog and dust are investigated
theoretically and experimentally in this thesis dissertation. The characteristics and effects
of other atmosphere phenomena to which outdoor wireless links are exposed, such as
rain, humidity, turbulence should be studied in the future research work.
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